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Preface

What is Net Zero? What does it really mean? It means that the sum of emissions by 
fossil fuels are balanced out by a reduction in their production and natural absorp-
tion by the oceans and land. There are multiple ways that industry, transport, and 
agriculture can achieve this reduction with the ultimate aim of leading to Net Zero. 
Of course, this is now a matter of utmost urgency, and as Helen Pirot of Fridays for 
Future, Berlin, has said, “it requires a drastic change from the ‘we will do what we 
can’ mentality to ‘we will do what is necessary right now’.” In Germany, for 
instance, Robert Habeck, German Minister for the Economy and Climate Protection 
has said that there needs to be a radical overhaul of planning and building processes 
in Germany and advocates a threefold increase in the speed at which CO2 emissions 
are reduced. However, it is not just Germany that needs to make these changes – 
every country must make them.

This book shows the contribution that the building industry can and must make 
to achieve Net Zero. Twenty contributors from 15 countries focus on building design 
strategy; choice of materials and the encouragement of the use of local materials 
with a low carbon footprint; the use of renewable energy; energy conservation; use 
of greenery and appropriate aesthetics; building size and scale; building suitability 
for given climate; building functionality and comfort; the recycling of building 
materials; and adoption of appropriate green policies. No matter how small the indi-
vidual reduction, each one counts towards the overall CO2 reduction.

Brighton, UK Ali Sayigh   
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The Proper Geometrical Parameters 
of Urban Street Profile to Enhance 
Outdoor Thermal Comfort in Highland 
Zone of Algeria

Amina Naidja and Fatiha Bourbia

 Introduction

Urban areas are crucial to sustainable towns; outdoor spaces contribute to urban 
livability and vitality. They also ensure outdoor activities and pedestrian traffic. The 
use of urban spaces largely depends on the degree of comfort sensed in these spaces 
[16]. Solar and shading control have an important influence on human thermal com-
fort. During summer, the mutual shading between buildings is crucial for the ther-
mal behavior of an open space and for the internal spaces next to it. Shading, either 
through buildings or trees, was found to be the key strategy for promoting comfort 
because it leads to a reduction in the absorbed radiation by a standing person [8]. 
Therefore, shading has an important amenity value, since it reduces the convective 
heat transfer from sunlit buildings and ground surfaces although the geometry of 
space between buildings affects the shading created in it and affects the solar radia-
tion received by windows.Many researchers, such as Bourbia and Awbi [3], Mazouz 
and Zerwla [18], Naidja Amina et al. [20], Naidja Amina and Bourbia [19], Hatem 
Mahmoud et al. [17], and Kevin Ka-Lun Lau et al. [15], have attempted to deter-
mine the proper urban geometry that leads to safeguard shading requirement during 
the summer period. Nevertheless, inappropriate design of geometrical parameters of 
urban spaces can make shading a serious problem in winter as it can cause uncom-
fortable situations inside buildings and outdoors, generates cold urban public 
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spaces, and increases the energy consumption for the heating of the neighboring 
buildings in addition to daylight lacks. According to Abraham Yezioro [24], although 
shading is very important in summer, the design of space between buildings should 
primarily consider the winter solar exposure. This is because shading in summer 
can be attained by dynamic solutions like deciduous trees or pergolas with a light 
cover that can be folding in winter. On the other hand, insolation cannot be ensuring 
in winter if the buildings around the open spaces block the sun completely. In this 
regard, [25] developed the obstruction angle rule and presented the concept of the 
“solar envelope.” According to Knowles [13], the solar envelope can be considered 
as a guideline of edifice form and mass to obtain the optimum solar radiation needed 
in the site. This tool permits the evaluation and creation of building configurations, 
safeguarding solar rights of each neighboring building as well as the open spaces 
among them. The idea was later extended by Capeluto and Shaviv [26], who distin-
guished between “solar rights envelopes” and “solar collection envelopes.” Okeil 
[21] developed a generic built form pattern named the residential solar block (RSB). 
He proposed the RSB as an interesting form of increasing the amount of solar rays 
on roofs and facades and on the ground in the cities at a latitude of 25°. More 
recently, the concept of solar bounding box (SBB) was introduced by Khaoula 
Raboudi [22] in her paper entitled “A Morphological Generator of Urban Rules of 
Solar Control.” The SBB is the optimum volume conditioned by both the urban 
rules of form and solar envelope rules. Later, Isaac Guedi et al. [11] introduced the 
concept of parametric solar envelopes as a better tool for mediating between maxi-
mizing solar access and achieving greater built density. The latter presented an 
advanced flexible filtering mechanism based on specific requirements throughout 
the year such as weather data, site geometry, and mixed programmatic require-
ments. Moreover, The importance of solar insolation in winter has been studied in 
many research works such as Thanos N. Stasinopoulos [23], De Luca, F [6], Naidja 
Amina and Bourbia [19], and Koukelli et al. [14]. However, solar rights and shading 
requirement vary according to the latitude of the climatic zone. In Algeria, unlike 
vernacular urban geometries heritage, which shows a real concern and perception in 
planning with climate, the present urban design geometry consists of new applica-
tion of urban rules, which are not usually in harmony with the climatic context 
desired for a given region [12]. The executive decree (n091–175 of 28/05/1991) is as 
follows:

In the same property, the planned buildings must be located in such a way that the openings 
illuminating the living dwellings are not obscured by any part of the building seen at an 
angle of more than 45° degrees above the horizontal plane considered the support of these 
openings. ([2], P.21)

Hence, the content of this decree cannot be generalized to all the national terri-
tory, because it does not specify for which climatic zone latitude will be applied, 
especially for the Algerian territory, which has different climatic zones with differ-
ent durations of insolation from one zone to another. Moreover, there is no rigorous 
or even approximate climatic analysis that has covered all the national territory [2]. 
Under these circumstances, we attempt through this study to highlight and evaluate 
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the shortcomings of the existing prospect urban rules in comparison with outdoor 
thermal comfort in the Highland zone of Algeria. In order to achieve this aim, the 
contemporary urban geometry has to be analyzed. The urban geometry of a town is 
described by a repetitive component named the urban street canyon. The urban 
street canyon is known as the three-dimensional spaces surrounded by a street and 
the constructions that border the street [9]. Therefore, an urban street canyon of an 
obstruction angle of 45°, representing a model of the recent prospect urban rules 
and building length that equals six times its height,1 will be investigated. 
Subsequently, to make clear and flexible guidelines that ensure outdoor thermal 
comfort during summer and winter times in the Highland zone of Algeria, a simula-
tion of fictious fabrics by varying the geometrical parameters of urban street canyon 
(obstruction angle and orientation) will be carried out. Then, the parametric solar 
envelope will be applied on the optimized street profile of the previous step. Weather 
data were obtained from Meteonorm 7. To guarantee that the urban geometry is the 
only aspect for comparison, vegetation was excluded, and materials for construc-
tions and roads were unified. The investigation was conducted during summer and 
winter periods in the Highland zone of Algeria (presented by Constantine weather 
data). The modelling simulation was run using a parametric tool (Rhinoceros/
Grasshopper/Ladybug).

 The Highland Zone of Algeria

Algerian Highlands are located between the Tellian Atlas in the North and the 
Saharan Atlas in the south, from the border of Morocco to that of Tunisia, at more 
or less high altitudes of 900–1200 m. They cover an overall area of 20 million hect-
ares. They widen from a few hundred kilometers in the Constantinois to several 
hundred kilometers at the Moroccan border (see Fig. 1). The climate is arid and 
semiarid, and rainfall is often around 300 mm but does not exceed 400 mm. Behind 
the shelter of the Tell Atlas, precipitation decreases quite noticeably. They become 
more and more irregular and few toward the south. Altitude and continentality 
increase temperature fluctuation between day and night. The summers are generally 
arid, and the winters are severe. To the east, in Constantine, the high plains are wet-
ter, while the drought is accentuating in the western part (http://www.owlapps.net/
owlapps_apps/articles?id=5753043). In order to verify and improve prospect urban 
rules in accordance with outdoor thermal comfort in the Highland zone, a sample of 
this area has to be selected. In this study, Constantine’s weather data was chosen.

1 1 The building length equals six times its height to meet the dimension of an urban canyon (Fazia 
Ali Toudert,P75-2005-)

The Proper Geometrical Parameters of Urban Street Profile to Enhance Outdoor…
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Highlands zone 

Constantine 

Fig. 1 Highlands zone (https://fr.wikipedia.org/wiki/Hauts_Plateaux_(Alg%C3%A9rie)

 Constantine Climate

Constantine city is located in Algeria at 36.17° North and 07.23° East. The altitude 
is about 687 m above sea level. This town has a semiarid climate that is dry and hot 
in the summer with an average maximum temperature of 36 °C happening at about 
3.00 pm and a humidity of about 25%, while winter is humid and cold. Moreover, 
the sun radiation intensities over this area are very high with clear skies and sunny 
periods occupying a large portion of the day. The wind direction comes relatively 
from the north with an average speed reaching 2.1 m/s. All of these contribute to the 
climatic harshness of this city (Constantine) [4].

 Parametric Modelling of Urban Street Canyon

Urban design and planning are under a large impact of computation and use of digi-
tal tools. Utilization of algorithms has been recognized as an effective method to 
sustainable development and multi-criteria optimization difficulties. Application of 
genetic algorithms helps in determining the best solution, by operating certain range 
of parameters [27]. On this basis, a Generative Algorithm Aided Design Tool 
(Rhinoceros/Grasshopper/Ladybug) has been used for this research study. This lat-
ter is considered as a parametric design tool that provides a very dynamic design 
environment, where the designer can always discover answers by varying parame-
ters [28].

A. Naidja and F. Bourbia
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Fig. 2 The parametric definition of geometrical profile of urban street canyon

Table 1 The manageable parameters of the algorithm workflow

Parameters
Value 
type Range of parameters values

Obstruction 
angle (a)

Float αЄ[26.6°, 76°] (this range is chosen because it covered a large part 
of North Africa) [3]

Street width 
(W)

Integer 12 m (wide street from the view of thermal comfort is that can 
included streetscape elements to promote shading and good comfort 
conditions) P J Littlefair [16]

Building 
length (L)

Float 6 (Building height) 6 W (tang α)

The investigated geometrical parameters of the urban street canyon are referenc-
ing into Grasshopper (0.9.0076) plug-in. As shown in Fig. 2, the Grasshopper plug-
 in is considered as a visual programming tool, which employs visual nods instead 
of written computer language code, thus simplifying the code generation and con-
nection of parameters (Marko Jovanović, 2016).The scene of Rhinoceros 5 software 
allows the user to visualize the algorithmic definition of the geometrical parameters 
of the urban street canyon investigated (see Fig. 2). To acheive the purpose of this 
study which is the evaluation and optimization of the prospect urban rules used in 
relation to solar rights and outdoor thermal comfort. Table 1 summarizes the man-
ageable parameters for the algorithm workflow.

The Proper Geometrical Parameters of Urban Street Profile to Enhance Outdoor…
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 Outdoor Thermal Comfort in Urban Street Model of Prospect 
Urban Rule

Outdoor thermal comfort in urban environment is a complex issue with multiple 
layers of concern. Outdoor thermal comfort is a composite function of atmospheric 
conditions and physical, physiological, psychological, and behavioral factors [1]. 
Therefore, the principles for creating thermally comfortable urban site are intricate 
and sometimes contradictory. They contain solar control in summer and solar gains 
in winter. The geometrical parameters of urban spaces can have a significant effect 
on the outdoor thermal comfort and energy performance of an urban environment 
[16]. Through this study, we attempt to assess the effect of prospect urban rule 
(obstruction angle equal 45°) on outdoor thermal comfort in the Highland zone 
(Constantine).To achieve this aim, the Universal Thermal Climate Index (UTCI)2 
was calculated. In this regard, a parametric design software (Grasshopper (0.9.0076)/
Ladybug3 (0.0.62)) was used to find the algorithmic definition of outdoor thermal 
comfort assessment. The latter was added to the algorithmic definition of the urban 
street canyon model (see Fig.  16 Appendix 1). Weather data was obtained from 
Meteonorm 7. The developed procedure can be used for any urban environment.

As shown in Fig. 3, the average value of UTCI in high latitudes Highland zones 
(Constantine city) during summer period is reaching about 30.94  °C. This value 
indicates that the thermal sensation of walkers under those conditions is character-
ized by moderate heat stress (hot but not dangerous). Therefore, the application of 
prospect urban rule (α = 45°) in Highlands area cannot ensure comfortable condi-
tions of walkers during summer period. However, it provides comfortable condi-
tions (no thermal stress) during wintertime, since the average value of UTCI is 
reaching about 9.27  °C (see Fig.  4). In this regard, we tried in the next step to 
determine the proper geometrical parameters of urban street that safeguard winter 
and summer outdoor thermal comfort in the Highland zone. In this way, a simula-
tion of fictitious fabrics by varying the values of the obstruction angle and orienta-
tion of urban street model will be carried out in the next step of this study.

2 The Universal Thermal Climate Index (UTCI) is a human biometeorology parameter that is used 
to assess the linkages between outdoor environment and human well-being. Thermal comfort indi-
ces describe how the human body experiences atmospheric conditions, specifically air tempera-
ture, humidity, wind, and radiation. There are 10 UTCI thermal stress categories that correspond to 
specific human physiological responses to the thermal environment. The categories related to 
UTCI values are as follows: above +46, extreme heat stress; +38 to +46, very strong heat stress; 
+32 to +38, strong heat stress; +26 to +32, moderate heat stress; +9 to +26, no thermal stress; +9 
to 0, slight cold stress; 0 to −13, moderate cold stress; −13 to −27, strong cold stress; −27 to −40, 
very strong cold stress; below −40, extreme cold stress. https://climate-adapt.eea.europa.eu/meta-
data/indicators/thermal-comfort-indices-universal-thermal-climate-index-1979-2019
3 Ladybug (0.0.62) is a plug-in of the Grasshopper (0.9.0076) (graphical algorithm editor) software 
for generating parametric procedures. Ladybug software allows the user to discover and survey 
direct relationship between elements of 3D model and environmental data over numerical and 
graphical data [7].

A. Naidja and F. Bourbia

https://climate-adapt.eea.europa.eu/metadata/indicators/thermal-comfort-indices-universal-thermal-climate-index-1979-2019
https://climate-adapt.eea.europa.eu/metadata/indicators/thermal-comfort-indices-universal-thermal-climate-index-1979-2019


7

Fig. 3 The average value of UTCI during summer period in urban street of obstruction angle 45° 
located in Constantine

Fig. 4 The average value of UTCI during winter period in urban street of obstruction angle 45° 
located in Constantine

 Fictious Fabric Simulation

Planning guidelines must be settled for each climatic zone towards the increase of 
solar access for buildings and spaces surrounding them during wintertime, also 
maximizing shading for buildings and urban spaces during summer. To make clear 
and flexible guidelines that safeguard outdoor thermal comfort during summer and 
winter times in Highland zones of Algeria, the obstruction angle and orientation of 
urban street canyon was varied. The obstruction angle (α) was varied relative to the 
fixed street width to create urban canyon obstruction of α = 26.6°, 45°, 56.3°, 63.4°, 

The Proper Geometrical Parameters of Urban Street Profile to Enhance Outdoor…
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Fig. 5 Urban street canyon profile investigated

71.6°, and 76° (see Fig. 5). These values of α correspond to the values of building 
height/street width ratios (R = H/W) or urban canyon ratios of R = 0.5, 1, 1.5, 2, 3, 
and 4. These ratios cover a wide range of traditional and contemporary buildings in 
North Africa [3]. Correspondingly, street orientations were taken in steps of 45° 
from the north (S1) to east (S4) (see Fig. 6).

 The Effect of Obstruction Angle and Orientation on Outdoor 
Thermal Comfort in Urban Street Canyon

Sun and shade have a crucial effect on outdoor thermal comfort. Urban geometry 
influences widely solar radiation impinged on urban street profile [19]. According 
to Givoni [29]:

Narrow streets provide better shading by buildings for pedestrians on sidewalks than wide 
streets. (Givoni, 1997, P.369)

A. Naidja and F. Bourbia
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Fig. 6 Street orientations 
investigated

Fig. 7 The effect of OBA and orientation on UTCI during summer time

Figures 7 and 8 revealed that there is a strong positive correlation between obstruc-
tion angle (OBA) and UTCI values. Therefore, when OBA increases, UTCI values 
decrease. Figure 7 also displays UTCI value in urban street canyon which is ori-
ented to the NS direction and has an obstruction angle of 76° average reaching about 
28.68 °C during summer period. Hence, in comparison with the profile of current 
prospect urban rules (obstruction angle of 45°), the results were better for 2.26 °C, 
i.e., 7.30%. Although this deep profile is considered as the coolest one during sum-
mer in comparison with the other investigated profiles, it remains uncomfortable 
despite its high obstruction angle, since the thermal sensation in it is described as 
moderate heat stress (heat but not dangerous). It is worthy to note that during winter 
period the thermal sensation in the deep profile of obstruction angle (76°), which is 
oriented to NS direction, is ranged on slight cold stress (comfortable for short peri-
ods of time), since the average value of UTCI recorded during winter period in this 
case was 6.17 °C (see Fig. 8). This value was worse than 3.1 °C, i.e., 33.44%, in 
comparison with the average values of UTCI recorded in the urban street canyon of 

The Proper Geometrical Parameters of Urban Street Profile to Enhance Outdoor…
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Fig. 8 The effect of OBA and orientation on UTCI values during winter period

urban prospect rule (obstruction angle 45°), in which winter outdoor thermal com-
fort is safeguarded (comfortable conditions). Moreover, the results also show that 
the orientation has a crucial effect on outdoor thermal comfort. According to 
Givoni, (1997):

The direction of the streets in relation to the north determines the conditions of shade and 
sunshine on the face of buildings that are parallel to the street and on the sidewalks lining 
the streets. This affects the temperature and conditions within the buildings as well as the 
possibilities of protecting the pedestrians on the sidewalk from the sun in summer or of 
providing sunlight in the streets in winter. (Givoni, 1997, P.374)

As shown in Fig.  7, during summer time UTCI values in urban street canyons, 
which are mainly oriented to the east-west direction, are higher in comparison with 
UTCI values in urban streets, which are oriented to the north-south (NS) direction 
giving the lowest values. Therefore, the east-west direction has to be avoided during 
summer. After a comparative study on the effect of street orientation on street shade 
patterns, [30] concluded the following statement:

A street grid in diagonal orientation: northeast-southwest and northwest-southeast was 
found to be a preferable pattern from the solar exposure aspect. It provides more shade in 
summer and more sun exposure in winter. (Givoni, p.373)

In another investigation, Bourbia and Awbi. (2004) concluded that diagonal street 
orientation NE-SW may often be a second best orientation. In another research, [31] 
agree that diagonal urban streets could provide better comfort conditions, since dur-
ing winter period the northeast or north-west streets allow more penetration of solar 
access compared to the north-south urban streets.However, during summer, the 
NE-SW or NW-SE orientations provide more shade compared to the east-west 

A. Naidja and F. Bourbia
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urban street. Consequently, Figs. 7 and 8 illustrate that summer and wintertime’s 
urban streets, which are oriented to NE-SW directions, have better UTCI values in 
comparison with east-west and north-south street orientations. From the summary 
of this analysis, we conclude that the performance of summer and winter outdoor 
thermal comfort in highland areas still needs more investigation. In this regard, the 
parametric solar envelope will be applied in the next step of this study. To achieve 
this step, we summarized the best results of both winter and summer outdoor ther-
mal comfort in the Highland zone (Constantine) (see Tables 2 and 3).

 Parametric Solar Envelope Application

In order to enhance energy efficiency and outdoor thermal comfort, several famous 
architects and urban planners designed their buildings by drawing an envelope 
based on the daily sun course. R. Knowles [13] defined the solar envelope as the 
maximum volume, which safeguards solar rights of each buildings and spaces 

Table 2 Optimum obstruction angles and orientations for winter thermal comfort

Table 3 Optimum obstruction angles and orientations for summer thermal comfort

The Proper Geometrical Parameters of Urban Street Profile to Enhance Outdoor…
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surrounding them during beneficial hours of winter. According to Isaac Guedi 
Capeluto and Boris Plotnikov [11]:

A recent study of Niemasz, Sargent and Reinhart (2013), indicates that at least under some 
climate conditions and building types, the use of traditional solar envelopes has a nega-
tive effect on total energy use including transportation as well as larger negative 
impact on developable density. This is partially dependent on lower densities leading 
to increased distance travelled which leads to increased energy use. (Isaac Guedi 
Capeluto and Boris Plotnikov [11], P.397)

In this regard, Isaac Guedi Capeluto and Boris Plotnikov [11] presented the concept 
of parametric solar envelope as a better tool for reconciling between maximizing 
solar access while attaining greater built density. In another statement, Francesco 
De Luca and Timur Dogan [5] said:

The solar envelope is a method used during the schematic design phase to determine the 
maximum volume that buildings cannot exceed to guarantee good access to direct sunlight 
in streets and on neighboring facades. However, two major shortcomings exist that pro-
hibit the use of existing solar envelope techniques in practice: They don’t include the 
neighboring buildings in the overshadowing calculation, and they utilize a fixed start- 
and- end time inputs for the selection of specific hours of direct solar access. (Francesco 
De Luca and Timur Dogan [5], P.817)

In this way, Francesco De Luca [6] presented the reverse solar envelope, which is 
considered as a new alternative manner, and computational workflow to create solar 
envelopes that are yielding with solar access rules but regularly compliant advanced 
build out volumes compared to conventional approaches that can be comprehended 
in consideration of several fields of the urban environment, such as roofs and build-
ing facades. Therefore, to overcome the lack of recent prospect urban rules related 
to outdoor thermal comfort, we attempt in this step to apply the parametric solar 
envelope to define the proper geometry of urban street profile based on the desired 
density level, latitude, and orientation. We have proved earlier in the previous step 
that deep profile of urban street canyons of obstruction angle (α) equal to 76° which 
is oriented to north south direction can enhance outdoor thermal comfort during 
summer period in Highland zone (Constantine); however, it drops winter outdoor 
thermal sensation. Therefore, the parametric solar envelope will be applied on deep 
profile which is oriented to north-south direction and have an obstruction angle 
(α = 76°). The investigation will be conducted during summer and winter periods.

 Generating Parametric Solar Envelope

According to Capeluto and Plotnikov [11], the design of the parametric solar enve-
lope begins off with a query for which conditions do we require or want to allow 
direct sun access. The parametric solar envelope can be determined by underlining 
the situations that create a violation of solar rights, so it gives a model, which more 
exactly simulates real-world necessities and permits increasing of the resulting solar 
volume. The parametric design offers advanced building design, which is more 
adaptive and interactive by actively retorting to prevailing weather conditions. On 
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Solar envelope
of east row

Solar envelope
of west row

Fig. 9 The algorithm of parametric solar envelope

Table 4 Solar access conditions of generated parametric solar envelope in Highlands’area 
(Constantine)

Generated solar envelopes
Condition A Condition A + B Condition A + B + C
The whole of 
the year from 
sunrise to 
sunset

Condition A+ 20 °C < Dry Bulb 
Temperature<24 °C

Condition A + Condition B +

Explication of the range values
The period 
when solar 
access is 
required

This range is obtained by applying 
ASHRAE 55 (2010) standard of 
adaptive comfort formula on 
weather data of typical 
meteorological year (TYM 2017) 
(See Appendix 2)

This range is determined because a value of 
568 w/m2 is considered a minimum 
requirement during winter period, where it 
represents the maximum value of global 
horizontal radiation during the design day 
of Constantine. However, a value of 829 w/
m2 is obtained by applying [32] formula on 
TYM 2017 (see Appendix 3)

this regard, Sadeghipour Roudsari and Pak [22] used parametric design tool 
(Rhinoceros/Grasshopper/Ladybug) to outline the algorithm of the parametric solar 
envelope ([11], P.396) (see Fig. 9). The previous Fig. 9 shows the inventive modules 
in Grasshopper. Module A considers as inputs a base area that assists as the site 
boundary, obstacles curves, which are the neighboring edifice limits, a filtered list 
of sun vectors from Ladybug’s Sun Path module, and a few more configuration 
parameters and outputs a 3D poly-surface, which is the solar envelope.

The simulated envelopes are generated to comply with the following solar access 
conditions (see Table 4).

After determining the solar access conditions of the generated solar envelopes in 
Highlands zone (Constantine), a visualization of the Sun Path with filtered suns 
using Ladybug is depicted in Fig. 10. The previous Fig. 10 reveals that the more we 
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Condition A Condition A+B Condition A+B+C

Fig. 10 Filtering process of sun vectors in Highlands zone (Constantine)

precise the conditions range, the more the number of sun hours decreases. Therefore, 
the more we specify the initial requirements, the more sun hours can be omitted 
from the calculation of the parametric solar envelope.

 The Effect of Filtering Process of Sun Hours on Solar 
Volume Coefficient

The solar volume coefficient (average height) is defined as the solar envelope’s 
volume to its base area ratio (SEV/A) ([23], P.9). A numerical comparison on the 
effect of filtering process of sun hours on solar volume coefficient (V/S) in Highlands 
area (Constantine) can be demonstrated by Figs. 11 and 12. The results show that 
the solar volume coefficient of the generated solar envelopes of the aforementioned 
conditions of both east and west rows increases, when the initial requirement of sun 
vectors is more refined. Therefore, the filtering process of sun vectors based on the 
conditional statement of Sun Path diagram advocated by Capeluto and Boris [11] 
leads to reconciliation between maximizing solar access in spaces between build-
ings while achieving greater built density.

 The Effect of Orientation on Solar Envelope’s Height

Good orientation and correct spacing between buildings improve the outdoor ther-
mal comfort and decrease energy consumption. According to Knowles (2003):

The designer is encouraged to differentiate building and urban form in graphic response to 
orientation. [33]

A. Naidja and F. Bourbia
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Condition A Condition A+B Condition A+B+C

Fig. 11 The effect of filtering process of sun hours on solar envelope configuration

Fig. 12 The effect of filtering process of sun hours on SVC

Therefore, the direction of buildings has a decisive effect in determining the volume 
of solar envelope. The findings of this investigation have also revealedthat the ori-
entation has a significant impact on the height of the solar envelope. Subsequently, 
the elevation of the solar envelope varies widely according to its direction, since the 
output of this analysis displays that in all cases investigated the north elevations 
have the lowest ridge in comparison with the south, east, and west facades height. 
This fact can be explained by the fact that the north orientation receives less solar 
radiation in comparison with the other ones. Therefore, the AOB depends signifi-
cantly on the orientation. Table 5 summarizes the effect of orientation on the height 
of solar envelope (minimum and maximum).

 The Effect of Sun Vectors Filtering Process on the UTCI

The present Fig. 13 reveals that solar envelope’s conditional statement has a crucial 
effect on UTCI values, since higher SVC (solar volume coefficient) values lead to 
decreased UTCI values. From the summary of the simulation results shown in the 
previous Fig. 13, it can be concluded that the solar volume coefficient of parametric 
solar envelopes condition (A + B + C) is better than the solar volume coefficient of 
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Fig. 13 The effect of solar volume coefficient on the universal thermal climate index

Table 5 The effect of orientation on solar envelope’s height

Conditions Height

North East South West
East 
row

West 
row

East 
row

West 
row

East 
row

West 
row

East 
row

West 
row

Cond-A Max 36.45 36.12 37.54 37.14 37.54 37.54 37.54 37.54
Min 30.67 30.67 32.80 32.80 32.30 32.30 31.56 31.56

Cond-A+B Max 41.35 41.35 43.35 43.54 43.54 43.53 42.78 42.78
Min 31.62 31.62 33.50 33.50 33.50 33.50 32.91 32.91

Cond- 
A+B+C

Max 47.68 47.27 47.68 47.27 47.68 47.27 47.68 47.27
Min 35.36 35.36 37.1 37.1 37.1 37.1 37.1 37.1

parametric solar envelope conditions (A; A + B) because, on one hand, it can safe-
guard winter outdoor comfort, and, on the other hand, the average value of UTCI 
during summer time reaches about 29.89 °C moderate heat stress hot but not dan-
gerous) (see Fig. 14). These results indicate that in Highland zones summer outdoor 
thermal sensation, after implementing the solar volume coefficient of the parametric 
solar envelope condition (A + B + C), is the same thermal sensation of the walker 
during summertime before applying the parametric solar envelope condition 
(A + B + C). Therefore, the parametric solar envelope condition (A + B + C) can be 
considered as proper urban geometry that leads to enhanced outdoor thermal com-
fort in the Highland zone of Algeria (see Fig. 15).
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Fig. 14 UTCI values during summer time in urban street of solar envelope condition (A + B + C) 
in Constantine

Fig. 15 The optimum urban street profile to enhance outdoor thermal comfort in the Highlands 
zone (Constantine)

The Proper Geometrical Parameters of Urban Street Profile to Enhance Outdoor…
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 Conclusion

Over this study, we try to assess urban geometry’s effect on outdoor thermal comfort. 
This study will be considered as a guideline during the design process, since it aids 
urban designers to shape sustainable urban forms adapted to the local climate of 
Algerian Highlands zone (Constantine). To achieve this aim, an urban street model 
of obstruction angle (OBA) equal to 45° has been investigated. Afterward, the OBA 
and orientation have been varied relative to a fixed street width. The results of this 
study indicate that OBA equal to 45° safeguards winter outdoor thermal comfort, 
while it gives strong heat stress during summer time. The results of this study also 
display that deep profiles of OBA equal to 76° enhance summer outdoor thermal 
comfort; however, they are described by slight cold stress during winter period. 
Moreover, it can be comprehended that urban street direction has a crucial effect on 
outdoor thermal comfort, since the north-south orientation and the diagonal angle 
can be considered as good directions to enhance summer and winter outdoor thermal 
comfort. However, the east-west orientation has to be avoided, because it gives worse 
results of summer outdoor thermal comfort. In order to bridge the gap between sum-
mer and winter outdoor thermal comfort, the parametric solar envelope (PSE) has 
been applied in the next step of this research. The results indicate that the filtering 
process of sun vectors leads to reconciliation between shading requirement and solar 
rights, since the PSE of condition A + B + C gives the optimum results of UTCI 
values in comparison with those of the urban street profiles before applying the PSE.
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Fig. 16 Algorithmic definition of outdoor thermal comfort evaluation and solar radiation analysis
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Table 6 Dry bulb temperature (TYM-2017-)

 Appendix 2

According to the climate data of the city of Constantine, the annual average of air 
temperatures is as follows: Tm = Σ tm/12 = 16.25 °C. So: Tn = 17.8 + (0.31 × 16.2
5) = 22.84 + 2/−2 (comfort limit 20.84–24.84). After calculation, the comfort limit 
temperatures are set between 20.84 °C and 24.84 °C (Table 6).
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Table 7 Global horizontal radiation (TYM-2017-)

 Appendix 3

A value of 568 w/m2 was chosen as a minimum requirement as it represents the 
radiation on December 15 (coldest month-design month) at 16.00. After calculation, 
the defined threshold of the amount of incident solar radiation is 829 w/m2, obtained 
by the following formula: 1090.78 × 0.76 = 829 (Table 7).
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Thermal Behavior of Exterior Coating 
Texture and Its Effect on Building Thermal 
Performance

Islam Boukhelkhal and Fatiha Bourbia

 Introduction

Climate change constitutes one of the most debated subjects of the twenty-first cen-
tury. The planet experienced various phenomena generated by this change, corre-
sponding to rising temperatures, heat waves, rising sea levels, more intense storms, 
and wildfires. Since 1930, further than 100,000 new chemical compounds have been 
developed, specifically those used in construction field with a massive lack of infor-
mation or studies of their effect on health. For example, Portland cement concrete, 
the most frequently used material in the world (more than 10,000 million tons/year, 
and whose production in the next 40 years will increase by around 100%), includes 
chemicals and adjuvants used to modify its properties, whose effects on health and 
the environment are still unknown [1].

The building envelope is an outer layer that can exclude disagreeable effects 
while allowing those that are estimable. It plays a crucial role in improving the 
building’s energy efficiency and the interior comfort of its occupants. The choice of 
the exterior envelope is an initial issue which should be considered in the sustain-
able design of the building. Determining the appropriate exterior cladding material 
and texture to optimize energy efficiency is a very important step that can be pro-
vided by multiple elements such as slate, brick, cement, plaster, and marble. These 
elements are used to cover, consolidate, protect, or decorate exterior walls; they can 
also influence energy consumption and improve indoor thermal comfort because of 
their texture. This chapter approaches the question of the thermal design in the 
building envelope through the exterior texture. The configuration of this texture can 
ensure solutions related to the thermal of buildings such as the minimization of the 
energy demand and the minimization of the hours of thermal discomfort.
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 How Exterior Cladding Texture Can Improve the Thermal 
Performance of Buildings in Hot and Arid Climate

The Algerian Great South is characterized by a rich architectural and urban heritage 
which merges with a way of life based on protection against climatic conditions; 
most of them are considered as protected architectural heritage. The strategy set in 
place by the ancestors was based on protecting the building against climatic condi-
tions by covering the outer envelope of the building. This traditional decorative 
envelope used by these former builders in southern Algeria can play a fundamental 
role in improving the energy efficiency of the building. The use of these exterior 
coatings as a decorative element appears in various traditional architectural styles, 
particularly in the far south of the Algerian desert, similar to the texture shaped with 
bare hands in the M’Zab Valley, the texture of external coating in the form of balls 
projected on the wall in the region of Timimoun, the texture in the form of a cube of 
clay in the region of Taghit, and another type of stone crystal texture in the region 
of Hoggar (Fig. 1).

The question requested considers the strategy of the texture in the exterior coat-
ing, whether rough or smooth, as a solution affecting the thermal behavior and the 
thermal comfort of the building. In this way, it is logical to assume that covering the 
building with an exterior cladding, whether of a smooth or rough texture, makes it 
possible to avoid the exposure of the facades to intense sunlight and high tempera-
tures and to reduce the irrational consumption of energy.

 Theoretical Analysis

Several researches studied the effect of the exterior envelope on the thermal comfort 
of the building using many strategies as works related to the exterior coatings of the 
building [2–7], knowing that those researches particularly on this element are very 
rare. Therefore, studies made on the effect of self-shading which is considered a 
fundamental strategy at the level of the external envelope [8–12], other works based 
on the effect of the color and the albedo of the external coating in the building 
[13–18], or the effect of the intelligent envelope with particles of ecological materi-
als on the thermal comfort and the energy needs in buildings [19–27]. Thus, studies 
were carried out on the effect of roughness and density of the exterior plant cover 
[28–34], in order to highlight the strategies that can be used at the level of exterior 
coatings.

Although all these works expose divergent results from one study to another, 
nevertheless, they share together reliable and useful results on the thermal behavior 
of the outer envelope, through the reduction of surface and air temperatures, and the 
reduction of the energy consumption of the building.

These theoretical syntheses can conclude that optimization in the configuration 
of the texture in the outer envelope can act as thermal insulation for buildings, by 
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Fig. 1 Traditional wall texture design in the great south of Algeria. (a) Ghardaia region), (b) 
Timimoun region), (c) Hoggar region), (d) Taghit region). (Source: Boukhelkhal Islam, 2015)

protecting them from solar rays and reducing the need for thermal insulation materi-
als. The improvement solutions through textured coatings are infrequently exploited; 
they are suggested as a new field which solicits eminently development in the future.

 Modeling Approach

In Algeria, the use of plaster texture as a decorative element appears in several times 
in traditional architectural styles, particularly in the southern part of the country, 
characterized by its hot and arid climate, and whose traditional constructions are 
built to face difficult climatic conditions. The objective of this study is to evaluate 
the thermal behavior of the exterior envelope with different textures used in exterior 
claddings, inspired by traditional construction methods that used self-shading walls 
as a cooling strategy.

Thermal Behavior of Exterior Coating Texture and Its Effect on Building Thermal…
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In order to achieve this objective, measurements were taken to evaluate the ther-
mal behavior of the texture in the exterior coating. The experimental system (Test 
Box) was set up in a private garden with open area in the city of Constantine, which 
is located in the northeast of Algeria (latitude: 36.9126 N, longitude: 7.0213 E) and 
with a semiarid climate. The figure below illustrates the methodological approach in 
this study (Fig. 2).

The experimental system (Test Box) is set up inside a private garden with area 
freed from all constructions or plantations. The measurement is taken using various 
instruments such as a thermal camera (FLIR), multimeter (TESTO 925), pyranom-
eter (S-LIB-M003) with a data logger (HOBO H21 USB), weather station (Oregon 
Scientific) for in-situ measurements of air temperature, surface temperatures, solar 
radiation, wind speed and direction, relative humidity, atmospheric pressure, and 
precipitation rate.

The period chosen for the first phase of the study was the summer season ranging 
from June 23 to June 30, 2019 (08 days), which represent the longest days of the 
year, in where the hottest days are recorded on June 25, 26, and 27. The results are 
taken from 7:00 a.m. to 6:00 p.m. at an interval of 60 min. The second phase of 
measurements is carried out during the summer period of 2020, maintaining the 
same choice of period of the first phase. The results are recorded for 12 h, from 
8:00 a.m. to 8:00 p.m. every 60 min.

 Experimental Procedure

The first part represents an investigation in the field, comprising a series of measure-
ments. The experiment consists in making four boxes of 1 m3 which expose four 
types of external coating. The figures below give a detailed description of the tex-
tures developed under study (Figs. 3 and 4).

After an in-depth bibliographic research and investigation on the traditional tex-
ture in southern Algeria, the choice fell on four types of textures:

• Smooth texture (STB) considered as reference texture
• Rough texture (RTB)
• Crystalline texture (CTB)
• Texture of the blade texture (BTB)

Similar to the patterns shown in the figures below, the morphological configura-
tions of the different coating textures are based on the percentage of shadow area 
projected over the total wall area (SO/ST). Below are the different configurations 
proposed in this study (Fig. 5).

The second part of this research consists in testing the effect by the incorporation 
of natural particles (ecological, organic, waste, and recycling components) in exte-
rior coatings. This phase is based on a conclusion made from a state of the art on 
several researches in ecological materials and recycling. Finally, the choice is 
maintained on the rough texture in order to keep the same appearance and the 
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Fig. 2 Conceptual framework study. (Source: Adapted by Boukhelkhal Islam, 2021)
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Fig. 3 Choice of materials for the measurement. (Source: Boukhelkhal Islam, 2019)

Fig. 4 Realization of measurement boxes. (Source: Boukhelkhal Islam, 2019)

projected shadow but with components of different mechanical and thermal 
characteristics.

In order to achieve this objective, a variety of particles are tested, and the selec-
tion is made according to three types with different thermal characteristics. The 
figure below shows a component from sand quarries, a second component produced 
from ecological recycling (tire waste), and another obtained from date palm waste 
(palm particles). These wastes are washed with distilled water to remove all impuri-
ties from their surfaces like salt and then dried in the oven. Then they were crushed 
and separated into different sizes, similar to sand aggregate (Fig. 6).

After various in situ measurements, the choice fell on palm particles, which 
showed the ability to reduce the surface temperature more than tire waste aggre-
gates. This choice was based on the ability to retain better thermal properties in 
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Fig. 5 The selected textures for surface temperature measurements. (a) smooth texture (STB), (b) 
rough texture (RTB), (c) crystal texture (CTB), (d) blade texture (BTB). (Source:  Adapted 
by Boukhelkhal Islam, 2019)

order to be reused as mortar aggregates in the manufacture of exterior cladding 
textures. This material has been the subject of several researches. It has proven high 
heat capacity due to its ability to reduce thermal conductivity, compression, and 
coating weight [25]. Moreover, this material is widely available from date palms in 
the region of the great south of Algeria [26] (Fig. 7).

In order to evaluate the thermal behavior of the rough texture with and without 
palm particles, three boxes of 1 m3 each are built separately: (RTB), (RTB1), and 
(RTB2). Each box is made with different concentrations of palm particle aggregates 
(0%, 30%, and 70%, respectively) (Fig. 8).
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Fig. 6 Evaluation of the thermal behavior of the tested aggregate. (a) Sand aggregates, (b) palm 
particles, (c) tire waste. (Source: Adapted by Boukhelkhal Islam, 2020)

 Texture Effects

 Effect of Texture Geometry

The first investigation of this study focused on the effect of texture geometry on the 
exterior surface temperature. The idea of introducing texture on the outer surface 
can facilitate cooling by self-shading effect. Comparing the four measured samples, 
the results showed variable measurements relative to all orientations. The results of 
the outdoor surface temperature measured by the thermal camera (FLIR) and the 
multimeter (TESTO 925) are shown in the figures below. Taking as an example the 
south facade (Figs. 9, 10, 11, and 12).

The results of the external surface temperature of the four textures studied for all 
orientations (north, east, south, west) are presented in the figures below (Fig. 13).

The analysis and comparison of the four textures are presented in the table below. 
The comparison between each type of texture with the different orientations studied 
(north, east, south, and west) clarifies the previous results which confirm that the 
texture of the coating affects the external surface temperature (Table 1).

These results show that the number of most critical hours (in red) is considerably 
high for the rough texture (RTB) (7 h from 10:00) in the south orientation, followed 
by the smooth texture (STB) with an average of 5 h, followed by the other two 

I. Boukhelkhal and F. Bourbia



31

Fig. 7 Surface temperature values of the three samples. (Source: Adapted by  Boukhelkhal 
Islam, 2020)

texture types (4 h). The hottest hours are recorded between 10 a.m. and 4 p.m. The 
rough texture (RTB) therefore frequently indicated and exhibited the greatest num-
ber of hot hours.

Based on the results obtained, it can be concluded that there is a correlation 
between the shadow fraction and the external surface temperature, as mentioned in 
the figure below, of which the rough texture (RTB) deploys the lowest correlation 
compared to the others (Fig. 14).

The figure below presents a grouped histogram of the evolution of shadow frac-
tion compared to the exterior surface temperature of the south facade in the four 
types of texture from 8:00 a.m. to 6:00 p.m (Fig. 15).

The figure above demonstrates that at noon, the shadow fraction rate on the south 
wall is identical (about 40%) for the three textures RTB, CTB, and BTB. The com-
parison of the external surface temperature results recorded at midday shows that 
these values are of the order of 52.6 °C for the blade texture (BTB), 53.9 °C for the 
crystalline texture (CTB), and 58.5  °C for the rough texture (RTB) although all 
textures have the same shadow fraction rate. This can be explained by the fact that 
the rough texture (RTB) has small spots of shadows not exceeding 1 cm2 and with 
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Fig. 8 Rough texture with different concentration of palm particles aggregate. (Source: Adapted 
by Boukhelkhal Islam, 2020)

Fig. 9 External surface temperature of the south orientation at 9:00 a.m. (Source: FLIR, 2020)

random positions that favor small reflections and the absorption of solar radiation, 
unlike the textures in crystal (CTB) and blade (BTB), which feature an assemblage 
of larger, more authentic shaded surfaces that act as small canopies protecting the 
wall itself.
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Fig. 10 External surface temperature of the south orientation at midday. (Source: FLIR, 2020)

Fig. 11 External surface temperature of the south orientation at 3:00 p.m. (Source: FLIR, 2020)

 Effect of Texture Particles

The results of the first phase of this study show that the rough texture registers con-
siderably critical results for the external surface temperature. However, this texture 
is used for most of the exterior coatings of buildings, more particularly in Algeria. 
Improving the thermal behavior of this texture is essential by adding new compo-
nents favorable to the harsh climate of the region. This method is carried out using 
natural aggregates, such as palm particles, in order to optimize thermal efficiency. 
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Fig. 12 External surface temperature of the south orientation. (Source: Boukhelkhal Islam, 2020)

Fig. 13 External surface temperature for all textures and orientations. (a) 9:00 a.m., (b) midday, 
(c) 3:00 p.m., (d) 6:00 p.m. (Source: Boukhelkhal Islam, 2020)
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Fig. 14 Correlation results of external surface temperature (EST) and shadow fraction (SF) for (a) 
RTB, (b) CTB, and (c) BTB. (Source: Boukhelkhal Islam, 2020)

Fig. 15 External surface temperature at midday compared to SF percentage (south orientation). 
(Source: Adapted by Boukhelkhal Islam, 2020)

Table 1 External surface temperature for the listed orientations (north, east, south, west)
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Fig. 16 External surface temperature of rough textures made up of palm particles with different 
concentrations of aggregates. (Source: Boukhelkhal Islam, 2020)

The figure below shows the results of the outdoor surface temperature obtained after 
adding to the rough texture the palm particles with different concentrations (RTB: 
0%, RTB1: 30%, and RTB2: 70%), respectively (Fig. 16).

Palm particulate aggregate is added in different concentrations, starting with 
RTB of 100% sand aggregate, RTB1 of 30% palm particulate and 70% sand aggre-
gate, and finally RTB2 of 70% palm particles and 30% sand aggregates, respectively. 
This diagram shows that the highest external surface temperatures are recorded at 
the reference coating RTB, the most critical value of which is recorded during the 
day of June 25, 2020, between 2:00 p.m. and 3:00 p.m., equal to 52.8 °C with a dif-
ference of 2.7 °C compared to RTB1 and 4.3 °C compared to RTB2.

These results prove that using palm particles in multiple densities can signifi-
cantly reduce the external surface temperature at the rough texture, as the results 
show a difference of up to 4.3 °C.

 Conclusions

Overall, the results of this work indicate significant credibility between exterior 
texture geometry, percent cast shadow, and exterior surface temperature. The results 
of this chapter show that the textured facade panels can improve the cooling, through 
its texture, and that there is a strong correlation between the created morphology of 
the texture, the shadow fraction rate, and the surface temperature. We can summa-
rize the following:
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 Texture Depth

The results reveal that the textures with the least depth such as the smooth and rough 
texture recorded higher surface temperatures than the others. They confirm the 
hypothesis expressing that the deeper the surface texture, the more the surface pro-
tected by the self-shading effect increases and the greater the ratio (SF), and conse-
quently the ability of the texture to lose heat is tall.

 Organizing and Assembling the Texture

The results clearly illustrate that textures with a suitably organized layout and 
assembly contributed to better cooling than rough textures. The organization of tex-
ture devices seems to be more efficient and effective, creating organized breaks in a 
well-defined layout. This organization can provide more protection by increasing 
the shaded area. Moreover, this assumption explains that the arrangement and the 
assembly of the texture are a very effective solution in order to increase the shadow 
fraction rate and consequently decrease the effect of the external surface 
temperature.

 Texture Thickness

By examining the impact of the different thicknesses of the texture on their thermal 
performance, this study deduced that the thicker textures such as the blade and crys-
tal texture have a greater ratio (SF) than the thin textures such as the smooth and 
rough texture. These results are consistent with the study by Bergman Watt et al. 
(2010) [35], which reveals that as thinner the facade panel was, the faster the panel 
heats up, and therefore its temperature is higher.

 Texture Components

The results of the second phase of this investigation clearly illustrate that the inte-
gration of natural components in the texture, such as aggregates based on palm 
particles, can significantly reduce the external surface temperature. The study con-
cluded that by increasing the concentration of palm particle-based aggregates, the 
surface temperature decreases, and the coating cools rapidly. Therefore, the use of a 
concentration with more than 70% palm particles allows better surface temperature 
results when mixed with adjuvants to avoid deterioration caused by weather 
conditions.
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 Things to Think About

This work assists to identify the real thermal behavior in any type of texture. It cre-
ates and develops a framework for future research and designer’s works to provide 
applicable architectural solutions for existing and new buildings and to open up new 
opportunities for solving overheating problems through passive design strategies. 
The development of this research will be to establish other similar works on the 
types of textures which could include numerical simulations or on other climatic 
regions, otherwise through other elements of buildings such as roofs, in order to 
assess the effect of the latter on the thermal performance of the building.

This work can also be part of the preservation and enhancement of the built heri-
tage of southern Algeria in order to contribute to the sustainable development of 
these regions characterized by a hot and arid climate.
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Psychrometric diagram of Constantine  
(Source: Climate Consultant)

 

Isotherms of Constantine
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Variation in climate data for Constantine

• Description and detail of the studied textures
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Beyond Energy Efficiency: The Emerging 
Era of Smart Bioenergy

Rachel Armstrong

 The Power of Metabolism

There is in biology a formula called “the equation of burning.” It is one of the fundamental 
pair of equations by which all organic life subsists … All that is living burns. This is the 
fundamental fact of nature [1]

… remember what we came for. The fire [2]

… there is a magic deeper still which she did not know. Her knowledge goes back only to 
the dawn of time. But if she could have looked a little further back, into the stillness and the 
darkness before Time dawned, she would have read there a different incantation [3]

William Bryant Logan notices the paradox of the burning bush revealed by God 
to Moses and reflects on its meaning. He asks himself what it means for something 
to burn yet not be consumed by the process and concludes that what is being revealed 
is the fundamental transaction of living things—metabolism. In this process a crea-
ture processes the world around it, transforming it into energy to sustain life.

To date, the material narratives of “life” have centred on crystals (nucleotides) 
and molecular flows (metabolism); however, the material platform that makes them 
commensurate is the electron, which can combine these principles in a unifying 
manner that does not homogenise outcomes but enables variation. While electrons 
are considered classical agents in conventional physics and electronics behaving as 
flowing particles, they are also quantum phenomena behaving in nonclassical ways 
such as quantum tunnelling or demonstrating superimposition and entanglement 
(Einstein’s spooky action at a distance).

More than the flow of “electricity” or “energy”, the transfer of electrons around 
charged (or “valent”) atomic nuclei is coupled with physical change.
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Electron transport chains enable these unique reduction/oxidation reactions and 
comprise the oldest systems of “life”. Having freed themselves from the solid struc-
tures of the rocks as geochemically produced organic molecules during the Hadean 
period, these energy-harnessing systems became portable in solution (acid/base 
couplings) and in the air. Embodying the enlivened reactivity of the living realm, 
electron transfer chains enabled lively matter to resist reaching the “brute” ground 
state of relative equilibrium and became enfolded within the internal environment 
of the earliest cells.

Chemist Ben McFarland emphasises the importance and material creativity of 
these forces:

… when molecules fit together, they only care about two things: shape and charge. Shape is 
familiar—all atoms are spheres that can stack together like a supermarket display of 
oranges—but charge is unusual. Unless you work with wires or rub your feet across shag 
carpeting, you don’t normally see charge imbalances at our macro-level. But at the nanome-
tre level, charge moves things around. Each atom is made of heavy protons with a positive 
charge and light electrons with a negative charge. When these charges are symmetric and 
balanced, the overall charge is neutral, but when they fall askew, a chain of domino effects 
can start, and chemistry can happen [4]

The changes produced by metabolism maintain the creature’s own body where 
downstream products—often smaller, biologically reusable molecules—are 
released back into the world for other life forms to make use of them.

Over aeons, the first creatures that populated the world such as bacteria and 
archaea have made developing a robust metabolism their speciality. In the case of 
bacteria this has happened at the expense of structural organisation, and they have 
evolved remarkable abilities that keep that electron transfer chain going. The most 
minimal kind of metabolism is produced by a continual flow of electrons, which 
prevents enlivened matter from reaching an energetic ground state or functional 
“death”. The bacterial species Shewanella and Geobacter directly harvest electrons 
from rocks and metals to make the universal energy storage molecule called 
ATP. This pared-down process is quite alien to all other life forms as they don’t need 
a carbon source (or sugar) for respiration. This means these microbes can thrive 
indefinitely by eating electrons from one electrode, using them as a source of energy, 
and then discarding them to the other electrode [5].

Electron transfer is not a solipsistic activity and can connect bodies at a distance 
from each other, offering a communications medium that enables microbes—and 
other organisms, like ourselves—to talk at a distance using action-potential mecha-
nisms, which is characteristic of brain tissue. Waves of potassium-driven electrical 
activity traveling with constant strength enable communities of microbes to propa-
gate signals at around 3 mm/h in tissue-like formations called biofilms, while our 
own brains work much faster at 100  m/s. In all species, these electrical signals 
enable the synchronisation of activities across large expanses and are much more 
powerful than their chemical counterparts as communications systems—which may 
be likened to “the difference between shouting from a mountaintop and making an 
international phone call” [6]. The ability to operate at a distance from a locus of 
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metabolism introduces notions of time, space, and anticipation—the foundations of 
all complex thought.

How we think about and use electricity today is encapsulated by two very differ-
ent approaches.

“Life” became equated with electricity through Luigi Galvani’s (1737–1798) 
“animal electric fluid” experiments, where he demonstrated the presence of bioelec-
tricity in frog dissections. Regarding this force as responsible for the vitalisation of 
tissues, his findings were largely enfolded into the life sciences to begin the neuro-
biological revolution.

Responding to Galvani’s experiments, Alessandro Volta (1745–1827) found 
other ways of producing electricity using metal electrodes and chemical sources 
which generated high voltages. The catalyst for the electronics revolution Volta’s 
research provided the power and intelligence that underpins the modern industrial 
age, around which we have imagined and design our relationship with electricity.

Galvani’s organic electricity operates through a very different quality of electron 
flow than Volta’s. It is slower, more agile, less forceful, and can be handled by 
atomic “jugglers”,1 so bioelectrical transactions occur that perform metabolic work, 
inviting a new set of imaginaries than industrialisation, or modernism. As “life”, not 
top-down control, or consumption, is at the heart of these principles, these electron 
currencies are constrained by biological principles, establishing the possibility of a 
new thermoeconomics as the foundation for a regenerative society [7]. When pro-
duced metabolically, the natural bioavailability of electrons establishes limits for 
production systems so that matter and energy are coupled (not cleaved) and are 
synthesised in a circular context. This means that every material ecology can be 
strategically metabolised using bioelectrical systems to perform all kinds of useful 
work, without “borrowing” unlimited resources from next generations or elsewhere.2

 The Frankenstein Fallacy

The Frankenstein fallacy assumes that if we throw enough electrical power at an 
inanimate body, then it will spring to life.

When a forceful river of new electrons is launched at a troupe of jugglers, how-
ever, it puts the juggling act off balance and may stop it altogether. Electrotherapies 
only work when the influx of juggling objects (electrons) can boost the actions of 
dysfunctional jugglers that have dropped too many balls and are not performing at 
all well. The power to respond to the influx remains with the jugglers, as they are 
still motivated, and sudden bombardment with new juggling objects may persuade 

1 The “juggler” metaphor is used to indicate the dynamic orbits within an atom that enable the 
movement of electrons.
2 For example, through their combustion fossil fuel-based systems overwhelm contemporary eco-
systems with “old” sources of carbon.
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them to keep going. The moment that the jugglers give up, then no matter how 
forceful the flow new objects into the system is, they will not start again.

As Galvani’s dissections were recently prepared and the creatures newly 
deceased, the atomic jugglers were still willing to move objects around for a while, 
proving his animal electricity hypothesis. However, the force of electrons used in 
Volta’s setup is not designed for organic bodies but brute3 metal ones. Forming a 
matrix through which outer electrons can move freely instead of orbiting their 
respective atoms, metals are excellent conductors of electricity and heat, but their 
electrons are not in a context where they can perform the work of life (where atoms 
are spontaneously transformed by electron flow). Massive unsustainable flows of 
energy in conductive materials are therefore needed to animate “brute” matter, and 
once the circuit is turned off, this vigour is not sustained.

 The Long Latency of the Bioelectrical Revolution

Galvani’s organic electricity operates through a very different quality of electron 
flow than Volta’s. It is slower, more agile, and less forceful. It can be handled by 
atomic jugglers, so bioelectrical transactions occur that perform metabolic work, 
which invite a new set of imaginaries than industrialisation or modernism. As “life,” 
not top-down control, or consumption, is at the heart of these principles, then these 
electron currencies are constrained by biological principles, establishing the possi-
bility of a new thermoeconomics. When produced metabolically, the natural bio-
availability of electrons establishes limits for production systems so that matter and 
energy are coupled (not cleaved) within a circular context. This means that every 
material ecology can be strategically metabolised using bioelectrical systems to per-
form all kinds of useful work, without “borrowing” unlimited resources from next 
generations or elsewhere.4

Significantly, bioelectricity can cross the mechanical and organic divide, perme-
ating both platforms, but operates at much lower power levels than generated by 
fossil fuels or renewables. What it lacks in quantity, however, it makes up for in the 
quality of its operations, inviting an era of low-power (bio)electronics.

In 1911, Michael Cressé Potter brought these organic and mechanical electrical 
worlds together in a “living” battery, or microbial fuel cell (MFC), that used the 
vital processes of Saccharomyces bacteria to produce several hundred millivolts of 
energy [9]. Acting as biocatalysts, the microbes convert the chemical energy of 
organic matter from waste streams into electrons for as long as they continue to be 
fed. Each “cell” consists of two compartments, the anode and the cathode, which are 
separated by a proton-exchange membrane. Bacteria anaerobically oxidise the 

3 In a letter to Richard Bentley, Isaac Newton uses the term “brute” to refer to an inert body [8].
4 For example, through their combustion fossil fuel-based systems overwhelm contemporary eco-
systems with “old” sources of carbon.
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organic matter in the anode chamber to release electrons that flow through an exter-
nal circuit to provide electrical power. Acidic protons are also produced, dissolve 
into solution, and pass through the membrane into the cathode, where they react 
with oxygen to produce fresh water. This highly mediated relationship sets up a 
power-sharing relationship across mechanical and natural bodies that is neither 
entirely biological nor exclusively mechanical. Constituting the essence of zoë, the 
microbial fuel cell blurs the relationship between organism and machine to form a 
type of cyborg “being” with microbial flesh that thrives on different types of organic 
fuel. Supported and directed by a technical environment, they perform a range of 
metabolic tasks at room temperature such as cleaning wastewater, generating bio-
electricity, and detoxifying pollutants.

While bioelectrical systems like the microbial fuel cell (MFC) cannot compete 
with the sheer power of other electricity generating systems (renewables, fossil 
fuels), their (material) circularity is unsurpassed providing essential natural limits to 
our consumption. Metabolic transactions have helped build the soil and air, creating 
the biological economy that founded a carbon-based exchange between living 
things. Life has sustained itself thus since the dawn of biogenesis. These are not, 
however, the principles on which modern society and the building industry are based.

Buildings are designed to shelter us from uncertainty and danger outside. In the 
modern world we spend 90% of our time in these spaces. While buildings are 
erected as barriers that control what comes in and out of our artificial worlds, the 
natural world necessarily interpenetrates them. Fluid elements leak through win-
dows and doors while shifting layers of metabolism that comprise our very acts of 
daily life consume resources. In deep time, urban ecosystems turn over the many 
bodies and buildings that form its landscapes, complicating the relationships 
between them and rendering impermanent the very notion of a city. Percolated by 
the flow of space and time, no walls can stop our lives from being changed by the 
world’s events. Spending about 2% of the total economic value of our homes 
per annum, we maintain the illusion of security through distributed acts of building 
maintenance. Drawing comfort from our separatism and human exceptionalism, 
we’ve grown blind to those systems and resources beyond the domestic sphere that 
we consume daily. Measured and capitalised, a variety of natural utilities and ser-
vices appear in our kitchens and bathroom, seemingly from nowhere, making them-
selves available for our consumption. Placing only financial demands upon us, they 
never ask to be replenished. So, our distance from nature grows, and our exclusively 
human bodies seem ever more secure in their integrity, identity, and independence 
from the world outside.

Tearing up the anthropocentric order of things, the climate crisis shatters these 
cosy architectural conventions and fully exposes us to the actual “outside”. Although 
such an outcome has been inevitable for many decades, we remain woefully unpre-
pared. The Anthropocene, a cultural epoch of our own design, has force fed carbon- 
industrial foie gras5 on the world’s ecosystems in the name of progress, extinguishing 

5 Foie gras means “fatty liver”.
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the very forms of life that we depend most on. The most vulnerable and smallest 
agents have suffered first: pollinators, reefs, fertile soils, “weeds”, clean air, and 
oceans, setting in motion a system of collapse that characterises the Sixth Great 
Extinction and has damaged the planet’s fundamental capacity for self-repair. With 
collapsing ecosystems, the comforts of modernity are no longer available in the way 
they used to be, and the systems by which we trade and govern no longer apply. 
“Freedom, justice, equality, truth—all these things are distant memories by now, as 
is an age where people took such things for granted. The idea of civilization as we 
know it has come to an end” [10]. Masked by our extreme exploitation of every 
resource, with few gestures of re-investment, we have crippled planetary resilience 
to the point where geosystems are transitioning into new kinds of order that are not 
of human design. More than increasing outbreaks of extreme weather events, pan-
demics, wildfires, quakes, heatwaves, droughts, mudslides, and tornadoes—all 
heightened by the climate crisis—they embody a “profound mutation” in our rela-
tionship with the world [11].

When I was around bustling crowds of people, I saw death and destruction. When I walked 
on dry land, I saw floods. I imagined wild animals, especially snakes, getting out of the zoos 
in the aftermath of natural disasters. I worried about how we would treat each other in the 
face of such calamity. I doubted it would be kind [12].

Although we are consuming our planet at such a speed that it cannot renew itself, 
our response to this situation is shockingly feeble, and this paralysis is deeply 
troubling.

I think in many ways that we autistic are the normal ones and the rest of the people are 
pretty strange. They keep saying that climate change is an existential threat and the most 
important issue of all. And yet they just carry on like before. If the emissions have to stop, 
then we must stop the emissions. To me that is black or white. There are no grey areas when 
it comes to survival. Either we go on as a civilisation or we don’t [13].

There are far more questions than answers to this predicament. While we’ve 
stolen untold resources from the planet and even from our own children [14], it’s not 
too late to start giving our descends their future back. When it once appeared that 
total global warming should be kept below 2 °C or as close as possible to 1.5 °C 
above pre-industrial revolution levels, it seemed reasonable to simply reduce our 
emissions as well as reusing and recycling resources at “sustainable” levels within 
the present economic order. Governments and businesses have even promoted 
Green New Deals of various descriptions, but even the most radical of these operate 
from within the systems that continue to contribute to climate change. Expressing 
sympathy for the cause is an empty gesture as their capacity for radical change is 
limited. With our present trajectory set to go above 3 °C or 4 °C, “tipping points” in 
our planetary system are visibly being reached, which means that radical breaks 
from the current system of production, consumption, and economic order are 
urgently needed. Exactly how long we have before the world becomes unliveable is 
unknown: for some, that point is already here. In the best-case scenario, we may 
only have 10 years to transform global society to reasonably limit the catastrophic 
impacts of climate change [15].
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Things are already bad. They are already getting worse. This report reveals—and, for many 
of us, confirms —that we’re not doing nearly enough to stop things from getting damn 
apocalyptic [16].

The scale of the challenge is immense. Rather than being able to take actions 
ourselves, it appears the ways of dealing with the crisis are somewhere out there 
where “moonshot” technofixes abound. Geoengineers aim to prevent glaciers from 
collapsing using scaffolding made from sand; oceanic fertilisation is set to absorb 
vast quantities of carbon dioxide by stimulating the growth of phytoplankton; strato-
spheric mirrors and cloud manipulators strive to prevent sunlight from reaching the 
ground, and innovators have developed a whole range of products including ocean 
trash-eating robots, carbon-fixing materials, and artificial trees. While exciting and 
welcome, all these developments rely on institutions and agencies that operate 
beyond our own realm of influence.

The dominant narrative around climate change tells us that it’s our fault. We left the lights 
on too long, didn’t close the refrigerator door, and didn’t recycle our paper. I’m here to tell 
you that is bullshit. If the light switch was connected to clean energy, who the hell cares if 
you left it on? The problem is not so much the consumption — it’s the supply. And your 
scrap paper did not hasten the end of the world.

Don’t give in to that shame. It’s not yours. The oil and gas industry is gaslighting 
you [16].

Since our house is on fire [13], we must start the reconfiguring of our lives in the 
home. While we already limit our domestic energy consumption, recycle our waste, 
and reduce our consumption, as in the case of the Green New Deals, all these 
approaches are inescapably entrenched within our present economic frameworks 
and comfort zones. Even from the comfort of the domestic realm, we are treading 
the same pathway towards planetary destruction that has already been mapped out 
by industry—albeit more slowly, self-consciously, and considerately. To achieve a 
radical break from our present trajectory, a reimagining of those activities of daily 
life that maintain us, zoë, is needed, alongside a reappraisal of the values that uphold 
the good quality of life we seek, bios.

As citizens of modern societies, we are bound by those frameworks that shape 
how we live and work. Our non-innocence in the present situation means we must 
consider allies in the more than human world to meet the present challenges. While 
applications of fire powered by fossil fuels have brought great innovations into our 
homes, they have not conferred the kind of wisdom needed to bring about planetary 
enlivening. To step beyond these malignant processes requires a new kind of tech-
nology and fundamental metabolism that is not built on consumption but tempers 
the production of work with environmental enlivening. Such a technological system 
seems far away, corporate, or even magical, but, in fact, it is so close, obvious, and 
reliable that it is taken for granted. While everyday events within our living world 
seem commonplace—leaves seasonally sprout and fall, food is digested, wounds 
heal, the young become old—when considered from a cosmic perspective, each and 
every one of them are extraordinary.
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 How We Will Incorporate Nature into Our Homes and Cities

Only by working with the biological processes of metabolism can we close the loop 
of consumption to stay within the resource limits of a site, with the benefit of 
actively managing our waste. We are not the masters of this knowledge domain, but 
microbes are.

Microbes have a unique individual identity, as well as a larger collective one. 
Some are commensals, some symbiotic, and around 1400 species are pathogens. 
While this may seem like a large number, they account for much less than 1% of the 
total number of microbial species on the planet [17]. The most remarkable charac-
teristic of a microbe is not their form but their fluid metabolism, which is modulated 
via the environment through redox chemistry, which is the environmental program 
that enables microbes to rapidly alter their metabolic (and genetic) networks that 
they can use to completely transform their environment.

Life loves redox chemistry because it is mild and controllable [18]

More than the flow of “electricity” or “energy”, electron transfer is coupled with 
physical change. The loss or gain of electrons, or change in the charge of a mole-
cule, alters its physical properties. Comprising the oldest systems of “life”, biologi-
cal electron transport chains freed themselves from the solid structures of the rocks 
during the Hadean period. Taking the form of geochemically produced organic mol-
ecules, these energy-harnessing systems became portable in solution (acid/base 
couplings) and in the air. Embodying the enlivened reactivity of the living realm, 
electron transfer chains now enabled lively matter to resist reaching the “brute” 
ground state of relative equilibrium to become enfolded within the internal environ-
ment of the earliest, leaky compartment of cells, resulting in the kinds of dynamic 
chemical interactions that comprise the living realm.

 Introducing an Emerging Platform: Microbial Technology

You may not think of nature as a technology, but radical new insights about the 
microbial foundations of the living world means we can understand and work with 
them as a creative and regenerative force.

Although the tiniest bacterial cells are incredibly small, weighing less than 10−12 grams, 
each is in effect a veritable micro-miniaturized factory containing thousands of exquisitely 
designed pieces of intricate molecular machinery, made up altogether of one hundred thou-
sand million atoms, far more complicated than any machinery built by man and absolutely 
without parallel in the non-living world [19]

Consequently, a new age of “living” technologies is emerging. Powered by 
microbes, these “living” technology platforms can process our waste, turning it into 
electricity and cleaned water and can detoxify our surroundings. Orchestrated 
microbial activities can therefore form the utilities systems of our buildings, 
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generate new, organic materials [20], and dramatically alter the impacts of human 
development, so our collective daily activities are bioremediating rather than harm-
ing the environment.

 Historical Relationship with Technology Frames Our 
Future Trajectories

Dancing with the demon of fire, the sacred being that gave us the first artificial 
metabolism, we could exceed the wet heat of the flesh experienced through proxim-
ity to metabolising bodies. Fire is a demanding god that consumes all it is fed to 
ashes and in return gives us power far beyond our biological means. It’s greedy, dry, 
harsh combustion readily transformed organic substances such as fuel and food, 
from one sort into another. Gathering around this magical transformer and its unnat-
ural light, early human societies sought to instrumentalise its multiple powers and 
set out to direct its actions towards specific tasks—from generating heat to finding 
their way in the dark and making food more palatable and digestible. While raw 
foods yield just 30% or 40% of their nutrients, cooked food releases everything. 
Suddenly, having a large brain stopped being an evolutionary liability and became 
an asset. By gaining the necessary nutrients more easily, people could start to imag-
ine better ways to hunt, live, develop culture, produce art, and invent early technolo-
gies—all the things that made us who we are now [21]. Nomadic peoples quickly 
acquired the knowledge for making open fires, while settlers formalised these 
spaces within the area of communal activity that became known as the kitchen—the 
traditional and symbolic heart of the home.

Increasingly instrumentalised by regulating the flow of air, organising space, 
selecting the right materials, and designing implements to instruct fire in different 
ways, each culture developed their own processes and rituals. Using heat to prepare 
food was most the important activity for communities, being associated with rituals 
of gathering, preparation, cooking, dining, cleaning, socialising, ablutions, and the 
disposal of leftovers. While powerful, fire was also a voracious entity demanding 
food—predominantly wood, maintenance, and regulation so that in its voracity, it 
did not leap from its place in the home to burn the entire house down—which it 
frequently did. Early hearths were therefore made of clay or stone, their main pur-
pose being to enclose the fire. Looking after this beast was a commitment. 
Demanding constant attention, it needed stoking in the morning, modulating during 
the day and turning safely back into glowing embers at night. Entangled with the 
preparation of food, the complexity of these activities was balanced by what those 
people responsible for them could achieve in a day. Tempered by a baseline live-
ability that varied from home to home, the activities around the fireplace shaped the 
designs of hearths and ovens, informed where kitchens were located, and spawned 
the development of other important household areas associated with the preparation 
of food such as the pantry, orchard, garden, larder, icehouse, root cellar, and 
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medicinal herb garden. Like electrical capacitors, the kitchen fire’s work could also 
be stored, and the earliest containers of its cooked products were animal skins, 
woven baskets, or gourds.

Traditionally a matriarch ran the household economics and domestic affairs, 
where the kitchen was central both as a workshop but also a meeting place between 
classes and organisational power structures. For ancient Greeks and Romans, the 
kitchen was designed as a separate house, with clearly defined preparation areas for 
turning food from city gardens into meals. By medieval times, wealthy European 
homes had large kitchens with dedicated rooms such as for storing utensils, pantry, 
cold storage, and a buttery. More commonly, kitchens were the centre for communal 
cooking, dining, and social activities. During the Renaissance, a range of technolo-
gies of food preparation flourished for new types of cooking that coaxed fire’s par-
ticipation in different ways using the spit, gridirons, ewers, salvers, and huge 
cauldrons. These innovations catalysed new methods for food preparation and stor-
age during the winter months using a range of desiccating techniques like curing, 
drying, smoking, pickling, and salting.

Nineteenth-century kitchens embraced the Industrial Revolution, whose fire 
thrived on a new kind of concentrated energy obtained from fossil fuels. This freshly 
unleashed demon lurked in petroleum basins formed from decomposed flesh still 
dreaming of tarry insurrection against the rotting Sun. [22] Its capacity for intense 
burning intensified the demands of fire and made possible new materials such as 
cast iron, which could tolerate drastic temperature swings and was an ideal medium 
for casting into complex, prefabricated parts decorated with surface ornament. 
Benjamin Thompson, better known as Count Rumford, revolutionised the technol-
ogy of fire and design of the kitchen by taking the open cooking fire from the hearth 
and constraining it within a cast iron box. Topped by a flat, perforated surface, 
accessed through round ports of different sizes, the fire contained below could be 
spatially directed to heat specially designed pots and pans that were designed for 
these new ranges. Requiring less surveillance and space, the machine-like fireplace, 
however, obliged an industrial metabolism to catalyse its intense activities. Natural 
gas, used by the lighting industry, followed by advanced in electrical power sources, 
enabled the development of lighter, smaller, and even more effective appliances that 
could burn beyond the full fury of an open hearth—even in the smallest of homes 
[23]. Even from within their boxes, the twin demons of fire and fossil fuel continue 
to indulge their appetites. Assumed to be securely under human control, their end-
less demands began to consume our world.

The rise of modern agriculture and modern manufacturing fuelled the twentieth 
century marketplace, rendering obsolete the need for self-sufficiency in food pro-
duction. By the 1930s, the number of kitchen staff as well as the size of kitchens and 
pantries was reduced in most homes. A rapidly changing modern workforce spent 
less time in the home and more at various kinds of workplaces, where convenience 
foods were bought and consumed, eliminating the need for the socially productive 
role of the kitchen. While it remains the symbolic centre of the home, the twenty- 
first century kitchen’s foundational technology of fire is assimilated into global 
power grids, and no longer draws us like moths, to its flame. If we are to curtail its 

R. Armstrong



53

consumption of our planet, then we must find new kinds of energy, or power, with 
which we can ally that enable us to live better with the available resources of the 
word and unmake our pact with demons.

MFCs directly contribute towards sanitation improvement and double up as 
remote energy sources, fuelled by waste, for low-power applications in rural, off- 
grid settings. The potential for simplifying complex processes, through digitisation 
and interactive decision-making apps, could result in wider interest, enhanced pub-
lic acceptance, demand for, uptake of, and investment in large-scale development of 
the technology in the market.

This overall approach of harnessing microbial metabolisms also opens up new 
frontiers in low-power electronics that can be run by bioelectricity produced by the 
system, as well as the science of programming microbial biofilms6 and consortia,7 
which establish the principles for designing metabolic “apps”, where microbes that 
do not normally work together are able to collaborate for the first time, enriching the 
potential for metabolic design.

Living Architecture’s combined effects can alter the character of our living 
spaces—from environments that merely consume resources—to spaces that link the 
webs of life and decay to provide for our needs, refresh our atmosphere, and reduce 
the circulation of toxic compounds, such as detergents in our waterways. Like the 
exchanges between the first forms of life, the way that webs of biochemical 
exchanges are orchestrated can increase the liveability of a space by, for example, 
sequestering heavy metals and breaking down nitrous oxide. Beyond their capacity 
to act as remedial systems, by actively transforming domestic wastes into useful 
outputs they generate resource, which enables them to be accordingly revalued 
within the domestic economy.

The ability to choose and nurture the specific metabolism of our living spaces 
will alter our lifestyles and the way we inhabit our homes. As “living” architecture 
is founded on the mutual relationships between microbes and humans, how we care 
for our living spaces will deeply influence their performance. With the advent of 
many more “apps”, residents will be able to select and nurture a unique character for 
their homes that—in exchange for being sensitive to the system’s wellness—is 
capable of meeting specific needs such as producing medicines, recycling organic 
matter into edible biomass, or producing liveable amounts of electricity and heat. 
While local conditions and resource availability will constrain the performance of 
metabolic “apps”, innovative combinations may enable a small range of possibili-
ties to achieve unexpectedly desired outcomes, such as generating bioluminescence 
to provide low-level, mood-elevating lighting. In whatever way “living” architec-
tures are deployed, they will require our conscious engagement with them, so they 
can learn about and respond to our needs. “Living” architectures will wake up with 
us, go to sleep when we do, will cope with our intimate habits, and will even be 

6 A biofilm is a mixed cohabiting community of microorganisms.
7 Microbial consortia are populations of one kind of microorganisms and are not mixed as in 
biofilms.
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re- enlivened by our return after a holiday break—“as if” they are “pleased” to see 
us. Through the care and conscious design of their metabolisms, inhabitants of liv-
ing architectures will differently understand the character of our homes, what they 
can do, and establish our responsibilities for them.

Domestic buildings will no longer be a projection of our own desires upon them 
but beings in their own right that belong as much to a community as we do. Through 
a choreography of material relationships, different degrees of freedom for metabolic 
“apps” will be increasingly able to carry out different kinds of functions within 
homes and community spaces. Capable of evolving through space, time, and along-
side their relationships with other beings, their metabolic exchanges will be at the 
heart of an environmentally concerned architectural practice that gives rise to an 
increasingly lively world.

The existence of these metabolic approaches and programmable, “living” tech-
nologies that can be incorporated into domestic spaces, as in the Living Architecture 
project, has implications for the development of our homes and cities, since they 
change the concept of sustainability. Exceeding the conventional disciplinary limits 
of architecture in making a building, they expand the practice to restore the health 
of the biosphere through the incorporation of living technologies into our homes, 
buildings, and cities. No longer designing for bounded plots, architects are con-
cerned with the impact of their designs and interventions on whole bioregions.

Citizens are empowered to customise and modulate the impacts of their lifestyle 
choices from a diverse range of metabolic apps, which are a form of economy and 
key to customising the performance of microbial colonies to meet people’s needs, 
while enabling significant changes in energy flow, water, and waste through homes 
and cities. By adopting such technologies, buildings will require richer networks of 
elemental infrastructures that modulate the flow of water, air, and material resources, 
to become sites of nutrient recycling and resource processing. When networked 
together, these combined, programmable metabolic processors have the potential to 
alter the nature of resource utilisation in cities.

As the technology develops, specific building metabolisms will be available 
from a diverse range of microbial and bioreactor choices. The aim is not to homoge-
nise or universalise the ways that cities and their people live but, through the pro-
grammability of microorganisms, diversify approaches in ways that enhance the 
quality of urban environments. We also need to look at much larger-scale applica-
tions of microbes and extend our understanding of them, so they violate binary 
divisions and distinctions between the built and natural environments—like artifi-
cial reefs and mangroves—that increase biodiversity, clean the water, and stabilise 
land erosion. With the right governance, networks of bioprocessing units will begin 
to benefit ecosystems, remediate our ailing atmospheres, and, ultimately, improve 
the health and well-being of our cities and their inhabitants.

Benefits for generations to come may include increasing the biological quality of 
urban environments through the production of microbial biomass, eventually even 
replacing all fossil fuel-based appliances with organic systems. The major “waste” 
outputs of such “living” cities are the antithesis to modern cities such as cleaner 
waterways and composts. Enabling more green plants in metropolitan locations, 
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which are climate moderators, in turn conserves water, improves soil and air quality, 
produces oxygen, absorbs carbon dioxide, and traps dust particles. In effect, the 
incorporation of “living” metabolic technologies into our daily routines gives us a 
chance to make human development more compatible with nature.

 The “Living” Home: Our Households Become 
a Circular Economy

We ate the birds. We ate them. We wanted their songs to flow up through our throats and 
burst out of our mouths, and so we ate them. We wanted their feathers to bud from our flesh. 
We wanted their wings, we wanted to fly as they did, soar freely among the treetops and the 
clouds, and so we ate them [24].

Our modern lifestyles promote a culture of obligate consumption. In our homes 
we produce almost nothing for ourselves, and as producers of this world we are 
obsolete being responsible not only for widespread environmental destruction—
from deforestation to industrial-scale agriculture and mining practices—but also for 
the associated loss of biodiversity that our insatiable appetites promote.

How might a bioelectrically centred culture of life that works with the creative 
constraints of metabolism appear?

The Living Architecture project is a “living” combined utilities infrastructure that 
can turn liquid household waste, like urine and grey water, into valuable resources 
(electricity, biomass, water, reclaiming phosphate from washing-up liquids and 
removing poisonous gases from the air) that can be reused in the household (Fig. 1). 
This movie envisages the prototype’s installation into a modern building. Here, it 
cuts down on electricity and utilities bills, as well as the amount of untreated waste 
we put into the environment. Potentially replacing fossil fuels as the main source of 
energy in a home, this series of linked bioprocessors can charge a 12  V bat-
tery supply.

When combined with renewables, microbial technologies create value by biore-
mediating our waste and even produce an ecological currency for exchange, just by 
the activities of daily living. So by eating, going about our routines, and doing our 
ablutions, the wastes we produce have economic value—even when our lives are 
spent at home. How a home could be constructed from a posthuman household 
inhabited only by microbes and the digital ghosts of the past, present, and future 
was prefigured in the installation 999 years, 13 sqm (the future belongs to ghosts), 
a collaboration between Cecile B.  Evans and Rachel Armstrong (2019), using a 
microbial fuel cell array to power the infrastructure of the space and projecting a 
way forward through which the transformation towards our emerging ecological era 
can begin (Fig. 2).

Valuing the contributions by all who carry out the work of life—the different 
microbial units that make up the Living Architecture system—enables those that are 
not usually regarded as economically productive in a capitalist economy to take part 
in an ecological economy. Re-centring the site of value creation within the domestic 
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Fig. 1 Fully inoculated Living Architecture “wall” and apparatus installed at the University of the 
West of England, Bristol. (Photograph courtesy of the Living Architecture project (2019))

sphere, our homes become wealth generators. Inhabitants now have choices to make 
about how they use this ecological resource—perhaps they can reduce their own 
living costs, but, maybe too, they can donate some of their well-earned resource 
(formerly called “waste”) to help others and activate the commons.

 Active Living Infrastructure: Controlled 
Environment (ALICE)

While Living Architecture establishes a metabolic economy for transactions 
between humans and microbes, the Active Living Infrastructure: Controlled 
Environment (ALICE) prototype (2019–2021) generates the foundations for col-
laboration with microbes. Using electrons produced by the anaerobic biofilm of 
microbial fuel cells as “data” provides a direct link between bacterial metabolism 
and electronic systems that can interpret and visualise this data. Possessing a very 
particular kind of environmental intelligence, bacterial data can reveal a great deal 
about the character of a place, where a technologised approach can generate a relat-
able communications interface (Fig. 3).
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Fig. 2 The installation 999 years 13 sqm (the future belongs to ghosts) is a collaboration between 
Cecile B. Evans and Rachel Armstrong for the Is This Tomorrow? Exhibition at the Whitechapel 
Gallery, London. (Photograph courtesy Rolf Hughes (2019))

Typically, microbial activity is deciphered using the tools of biochemistry, but in 
human terms the interpretation process is quite slow. Tapping into the much faster 
electron flows within biofilms, however, provides a direct way of understanding the 
behaviour of a microbial population at any given moment and, depending on the 
sensitivity of electrodes, creates the possibility of developing a communications 
platform between human and microbe (Fig. 4). Electrical activity from the biofilm 
was a source for both power and data, which was translated by software into anima-
tions that conveyed the overall status of the biofilm in relatable terms. Audiences 
could, therefore, respond to the microbial behaviour—not by looking at unpleasant 
“slime” (the natural “face” of microbial colonies)—but by interacting with appeal-
ing forms on a familiar screen-based interface. Participants could play with resident 
microbes through data and performance in an exploratory exchange—as if they 
were a pot plant or even a pet. This world of “Mobes”—a characterful term coined 
for the data-based representations of microbes—offers a simple, probiotic approach 
to interspecies communication within the highly situated realm of microbes, in a 
relatable manner that could even become part of our everyday routines. Being in 
conversation—rather than “exploiting” microbes—means we may start to learn 
along with them through their ability to generate clear and direct signals and data 
that relate to shared concerns, like transforming waste streams into household 
resources based on new value systems that invite different kinds of (house)work and 
domestic routines for our living spaces.
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Fig. 3 ALICE installation at the Digital Design Weekend, Victoria and Albert Museum, London, 
26–7 September 2021, a cyborgian entity powered entirely by microbes with a concurrent online 
“life” which embodies the bio-digital platform through the integration of microbial and artificial 
intelligences with biological and technical bodies. (Courtesy of the ALICE consortium: Ioannis 
Ieropoulos, Julie Freeman, & Rachel Armstrong)

 The “Power Plant”: Activating the Commons

While Living Architecture shows that a circular economy of the household is imple-
mentable, we have not yet figured out the economies of scale. It is likely more effi-
cient for many households to contribute to a shared resource through their waste and 
what better site to process this than a garden—turning them, literally, into power 
plants? By scaling microbial operations in ways to serve a whole community, we 
can provide access to resources that can be allocated according to need. Working 
with Hungarian company Organica Inc. that designs urban wastewater gardens for 
municipal use, starting with human sludge, which is passed through a series of vats 
that break down the organic matter using the microbes on the roots of plants, our 
group proposes to introduce the electricity-generating microbial technology called 
the microbial fuel cell—a “living” organic battery—into this system, which can also 
be powered by the organic waste. This means such an installation could not only 
treat the human residues for between 5 and 30,000 residents with no access to a 
formal sewage system but that sludge could also generate enough bioelectricity to 
power mobile phones, provide LED street lighting, power Wi-Fi transmitters, and 
activate screen displays that enable citizens to access—for example—websites to 
online council services, while also enjoying the benefits of a public garden and 
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Fig. 4 “Mobes”, from the ALICE website (http://alice- interface.eu) showing dynamic, interactive, 
graphical representations of microbes. (Courtesy of the ALICE consortium (2021))

harvesting the organic produce it provides as you would in an allotment. By creating 
an opportunity for citizens to share space and find things in common with each 
other, this platform is a big stepping point towards activating the commons, where 
the organic matter we call “waste” becomes a shared and flexible resource. Through 
harnessing those natural processes, which are taking place continually in the soil, 
this sludge can be turned into useable end products (vegetables, cleaned water, elec-
tricity) as well as provide a pleasant public space.

 Microbial Sentinels: Keeping Us Safe

One of the intriguing aspects of working with our waste is that microbial technolo-
gies can not only make it useful but safe. During the coronavirus pandemic, one way 
of testing the prevalence of the virus in the broader population was to sample mate-
rial from the sewers. As you have just seen, microbial technologies are powered by 
this very waste and, as it were, can keep an “eye on” its composition. Even more 
importantly, these stable communities of microbes can intervene when needed. This 
graph shows that when organic waste is recirculated through a microbial fuel cell, it 
not only produces bioelectricity but also removes pathogens, becoming a first-line, 
external immune system comprising a breakthrough for the sanitation industry, with 
very interesting possibilities for how we manage viral circulation during times of 
pandemic, and in the longer term, these same systems can play an active role in 
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monitoring our health—either at both the individual level and also in the commu-
nity [25].

 Natural Bioremediation in Urban Spaces: Revitalising 
Brownfield Sites

If we take these microbial technologies out into other parts of the city, we can also 
strategically use them to remove toxic substances like heavy metals and noxious 
organic compounds from post-industrial sites. By laying down a membrane and 
washing the soil in situ, microbes can do the cleaning for us while contributing to 
the natural environmental healing process. As contamination is just another form of 
“food” to microbes, we harvest their bioelectricity to power sensors while they 
metabolise toxins, and using artificial intelligence to observe the cleaning process, 
we can gather data, link it to other “smart” systems, and so enable the entire biore-
mediation process to be computationally regulated.

 Towards the Off-Grid City: Empowered 
and Mobile Communities

Ultimately, microbial technologies free us from the static infrastructures of modern 
cities and the utilities they provide. At a time of climate crisis and the displacement 
of peoples everywhere—such as during times of severe flooding—having access to 
clean water, shelter, power, and sanitation can literally save lives. Bill Gates’ vision 
for microbial technologies is to build mobile settlements that are entirely off grid 
and can house up to 30,000 people—and the underpinning technology Pee Power 
has demonstrated this potential at Glastonbury for the last 5 years. So, while Gates’ 
vision is specifically for refugees in developing countries, these principles are also 
transferrable to our Western homes, communities, and commons. Perhaps the most 
radical step suggested by these microbial technologies is to challenge our basic 
assumptions about the baselines of what we need to live comfortably and healthily. 
Imagine the reduced impact of human development if every home that is now con-
nected to a 230 V grid could operate comfortably on a 12 V battery supply. While 
this would require innovation in some of the things that we do every day that we 
solve by consuming a lot of energy, like washing machines and fridges, these same 
tasks could be done differently, such as using advanced new materials to help with 
refrigeration and finding alternatives to mechanical agitation like ultrasound to 
carry out this housework. The hardest part to altering our impacts is changing our 
thinking, our habits, and our concepts of what a “good life” actually entails. Whether 
we like it, or not, the rules for living on this planet have changed. The good news is 
that microbial technologies can help us make the necessary adjustments to work 
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within the carrying capacity of our lands, draw on our collective creativity, and help 
us find much, much ways of better working alongside nature. The bad news is that 
as yet, nobody has demonstrated at scale that this is possible in Western communi-
ties, and so this requires the participation of adventurous and bold pioneers.

 Conclusion

Whether we accept it or not, we’re all in mourning. For the futures we wanted to 
leave our children, for the children we opted not to have, for the devastation of 
countless species, for lost savings, loved ones or homes, which may have already 
been taken away from us. In such troubling times, liveable ways forwards are 
needed that are within our power to enact.

By considering the nature of life through a dynamic system that is capable of 
uniting material and ephemeral realms, electron flow enables the design and imple-
mentation of new approaches for addressing our ecological stressed world by mak-
ing matter livelier. Beyond the conservationist notions of reducing consumption, 
such necessary activities of survival are transformed into regenerative acts where 
the materiality of metabolism itself becomes the arbiter of what activities we can 
perform—previously called our carrying capacity. Setting such natural limits to our 
daily routines is not about reducing our quality of engagement with the world but 
establishes new rituals of care where we do not just consume our surroundings but, 
in every living act, can give something priceless back to our incredible, vibrant world.
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Brains for Buildings to Achieve Net Zero

Wim Zeiler

People need buildings to protect them against the environmental conditions to be 
able to work and live in comfortable and healthy indoor air conditions. Architects 
shaped the built environment since the early beginning of civilization. Building 
services engineers make it possible to provide comfort and an acceptable indoor air 
quality for building occupants.

In the last 50 years the world has changed enormously: instead of 3.5 billion 
there are now living more than 7 billion people on earth with more than 50% in 
cities with an enormous increased standard of living. Collectively, buildings in the 
EU are responsible for 40% of our energy consumption and 36% of greenhouse gas 
emissions, which mainly stem from construction, usage, renovation and demolition 
[17]. To meet climate goals and comply with the 2030 climate and energy frame-
work, one of the goals is to gain 32.5% improvement in energy efficiency with at 
present almost 75% of building stock operating inefficiently; see Fig. 1.

There is a need to change the way how architects think about their role in the 
building design process. We cannot try to solve the problems using the same kind of 
approach that caused them.

Until the mechanization of building is in service of creative architects and not creative 
architecture in service of mechanization we will have no great architecture. –Frank 
Lloyd [45]

Traditionally a designer of HVAC systems was based on known mechanical systems 
and techniques. This has consequences for the direction in which architecture has to 
move towards a more sustainable future, a direction in which technology is used to 
guide architecture. However, there is a gap between technology and architecture and 
the research as the architect still takes a major leading role in designing both the 
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Fig. 1 The current energy situation of the building stock

indoor environment and the energy efficiency of buildings, with the role of the 
HVAC engineer as a traditional supporting role of the other consulting engineers 
during the process. The concept, the basic design, is conceived by the architect first, 
and then there is room for other disciplines. However, the design of a highly sustain-
able building, due to the increased complexity of building design, inevitably calls 
for more design collaboration in the conceptual design phase as well. Only the early 
open collaboration of architects and engineers can facilitate the creation of the nec-
essary new knowledge and solutions beyond the specific scope of each individual 
discipline [27, 48]. According to the Royal Institute of British Architects (RIBA) 
president Jane Duncan, architects, engineers and builders must collaborate [12]. To 
fulfil the demand for zero energy buildings, there is an urgent need for synergy 
between the architectural and engineering domain. CIBSE, along with the RIBA 
and other partners, promote more effective assessment of expected and realized 
energy performance.

A good design is important but also maintaining performance and condition in 
operation over the years. Most buildings have many problems with comfort and 
indoor air quality while using much more energy than expected. The maintenance 
of the installations is more action oriented than performance oriented, which means 
that the costs are higher and the number of malfunctions and nuisances for the user 
is higher. Therefore, it is important to detect deviations as soon as possible, so that 
there is constant analysis of all circumstances and fault detection and diagnosis.

The energy transition requires more optimally functioning installations that use 
less energy while users want healthier and more productive climate conditions. The 
complexity of the installations increases sharply and therefore the necessary experi-
ence and knowledge to solve problems. However, there is a growing shortage of 
experienced people who are able to analyse these processes and their data. Therefore, 
it is becoming increasingly important to develop systems to automate the continu-
ous monitoring, fault detection and diagnostic functions. It is important to improve 
and safeguard the methods for data analysis and control related to BEMS and mea-
surement and control systems of installations and to develop suitable algorithms 
based on big data analytics and machine learning.
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This chapter shows the way to add more brains to the design of buildings by 
making use of an integral design approach, as well as show the possibility to incor-
porate additional artificial brains to buildings to safeguard their optimal operation.

 Combined Brains for Building Design: Integral Design

Architecture will become more informed by the wind, by the sun, by the earth, by the water, 
and so on. This does not mean that we will not use technology. On the contrary, we will use 
technology even more because technology is the way to optimize and minimize the use of 
natural resources. –Richard Rogers

Integral design is a necessity for nature-assisted air conditioning, the basis for net 
zero buildings, where architect and consulting engineers have to truly collaborate in 
the conceptual phase of building design process. What is needed is an optimal 
exchange of interpretations of the design brief as well as an exchange of ideas on 
possible solutions; see Fig. 2.

Norman Foster and the design board at Foster + Partners are strong supporters of 
sustainable design and are keen to interpret and integrate engineering principles 
within design concepts [40]. Their philosophy is that the best projects arise from a 
totally integrated approach to the design process, where the core disciplines work 
together to conceive and design a project from its earliest inception [19]. Clearly 
building design is a team effort, and teamwork is key; therefore, it is necessary to 
create a place for the needed innovation. The benefits of integrated design are better 
decisions, higher speed of response, improved ability to iterate and thus reduction 
of complexity. Early engagement is essential within building design teams. In line 
with these developments in practice, building design education has moved towards 
a collaborative practice where designers work in teams [24] and with other disci-
plines to solve the unstructured problems of design [25]. However, just putting all 
disciplines together is not enough; there is a clear need for design support to facili-
tate collaboration between the various design team members from different 

Fig. 2 The needs with the conceptual design phase
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disciplines. Design problems are wicked as the information to start with is often 
very limited and there may be many ways of solving them [24]. This poses difficul-
ties for design teams and highlights the requirement to reach consensus on a variety 
of matters. Arriving at consensus can be challenging for teams and is affected by 
cognitive diversity [24].

To cope with this complexity, architects need more support from specialized 
engineers. The different expertise of engineers must be used more effectively 
especially in the conceptual design phase to reach for new solutions. This has con-
sequences for the role of the engineers involved; they have to operate early in the 
conceptual building design process and act more as designers and less as traditional 
calculating engineers. As a consequence, engineers have to develop new skills. Also 
the architect has to learn, to not only share his ideas in the conceptual design phase 
but to really open up his mind and to truly design together with the engineers. 
Important is that no longer the architect is the one that leads the design process but 
that the team of architect and engineers leads the design process: designing must 
become a team effort already in the conceptual phase of design.

 Design Methodology

You never change things by fighting the existing reality. To change something build a new 
model that makes the existing model obsolete. –Buckminster Fuller

Due to problems resulting from the lack of quality of products and projects, in the 
early 1960s researchers and practitioners began to investigate new design methods 
as a way to improve the outcome of design processes [14]. Since then, there has 
been a period of expansion through the 1990s right up to the present day [3, 31]. 
Moreover, many of the design methodologies were developed at universities and are 
rarely applied in industrial applications [15].

In 1999, the professional Dutch organization for architects and consulting engi-
neers together with the University of Technology Delft and the Building Services 
Society started a research to develop an integral design method to improve the con-
ceptual building design process. Since 2003 this research has continued at the 
University of Technology Eindhoven and led to a design method based on intensive 
use of morphological charts [28, 47], and its outcome was evaluated in a situation 
as close as possible to practice among professionals. The design method has a dis-
tinctive feature, the step pattern of activities (generating, synthesizing, selecting and 
shaping that occurs within the design process; see Fig. 3.

A morphological chart is a kind of matrix with columns and rows which contain 
the aspects and functions to be fulfilled (see Fig. 4 step 1) and the possible solutions 
connected to them (see Fig. 4 step 2). These functions and aspects are derived from 
the program of demands. In principle, overall solutions can be created by combining 
various sub-solutions to form a complete system solution combination [36]. 
Morphological chart structures the solution space and encourages creativity. 
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Fig. 3 The four-step pattern of integral design

Fig. 4 Concept of a morphological chart

Morphological charts are essentially tools for information processing; it is not con-
fined to technical problems but can also be used in the development of management 
systems and in other fields [37].

The use of the morphological charts and morphological overview is an excellent 
way to improve the design process communication procedure. It makes it possible 
to record information about the solutions for the relevant functions and aids the 
cognitive process of understanding, sharing and collaboration [38].

In the first step of the integral design method, the individual designer has to make 
a list of what he thinks are the most important functions that has to be fulfilled based 
on the design brief. This is derived from their own specialist perspective. The mor-
phological charts are formed as each designer translates the main goals of the design 
task, derived from the program of demands, into functions and aspects and is then 
put into the first column of the morphological chart; see Fig. 5, step 3. In the second 
step of the process, the designers add the possible part solutions to the related rows 
of the functions/aspects of the first column. Based on the given design task, each 
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Fig. 5 The design steps of the design team’s process cycle

design team member perceives reality due to his/her active perception, memory, 
knowledge and needs. The morphological charts represent the individual interpreta-
tion of reality, leading to active perception, stimulation of memory, activation of 
knowledge and definition of needs. These individual morphological charts can be 
combined by the design team to form one morphological overview; see Fig. 5, step 4.

Integral design requires, besides a particular composition of the team, also team 
building. Only selecting people and putting them together is not enough. It is impor-
tant to invest sufficient time in the formation of a team. Assuming a minimum qual-
ity, the individual qualities of participants are less important than team performance. 
Usually a team goes through four phases before it is really tuned to each other. [50] 
has described the development of cooperation within groups. Groups develop them-
selves in a certain order into a team: forming, storming, norming, performing and 
adjourning [35]; see also Fig. 6:

• Framing (Orientation Phase) – There is no team spirit yet. Individual positions 
and roles are not taken yet. Group members take a cautious approach and are in 
need of guidance. In this first phase, the “forming” phase, you get to know your 
teammates, and there is an enthusiasm about the new project.

• Storming (Power Phase) – In this phase, the group members try to take their posi-
tion in the group. This process often leads to conflict when people have different 
ideas. In the second phase, the “storming” phase, you discover that there is 
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Fig. 6 Stages of team development [35]

 difference of opinion in some respects and that not all the tasks and responsibili-
ties fit well with each other.

• Norming (Affection/Standardization Phase)  – Group members come closer 
together. The rules and methods of cooperation are determined. The common 
team goals are shared and determined.

• Performing (Performance Phase)  – In this phase there really is a solid team. 
Team members complement each other and work together harmoniously to a 
common team goal. The team is able to work independently.

• Adjourning (Goodbye Phase) – This team is eliminated, and the design task has 
been carried out. Features of the phase include dissolution, withdrawal and 
increased independence.

• It is a good model for the promotion of cooperation within a team [51], which 
can be used to illustrate the steps of morphological approach (see Fig. 7).

Researchers in several disciplines have applied the construct of mental models to 
understand how designers perform tasks based on their knowledge, experience and 
expectation [4]. Mental models are often seen as critical indicators of team success 
[22]. Figure 8 depicts McComb’s [33] three-phase convergence process framework 
indicating a directional mental model convergence process with feedback loops 
[22]. First, the team members orient themselves by capturing information pertinent 
to the task. Second, the team members differentiate among the information gathered 
to discover similarities, differences or irrationalities in their individual approaches. 
Third, the information becomes integrated into the team members’ views: the indi-
viduals’ internal representations of the design task from an individual perspective 
change into a team perspective [22]. Each team member can only be analysed from 
the exchange of communication acts [9, 10]. As we wanted to analyse the process 
within the design team, we looked for ways to make the communication explicit so 
that it would be possible to analyse the process. Using the transition from individual 
morphological charts towards the team’s morphological overview enables to illus-
trate the results of the communication especially during the differentiation and 
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Fig. 7 The second phase generating the morphological overview

Fig. 8 The process of orientation, differentiation and integration within the process of creating a 
morphological overview [33]

integration that takes place in the group’s discussion to form the morphological 
overview.

Putting the morphological charts together enables “the individual perspectives 
from each discipline to be put on the table”, which in turn highlights the implica-
tions of design choices for each discipline. This approach supports and stimulates 
the discussion on and the selection of functions and aspects of importance for the 
specific design task. Important is the keeping of a phase of individual creativity dur-
ing the morphological chart.

By structuring design (activities) with morphological overviews as the basis for 
reflection on the design results stimulates communication between design team 
members and helps the understanding within design teams. It stimulates 
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Fig. 9 Symbolic composition of architect and engineer [30]

collaboration as it makes it easier to come forward with new design propositions. 
Through visualizing the contributions, morphological overviews stimulate the 
understanding of the different perspectives among design team members; see Fig. 9.

 Experiments

Under the symbolic composition I have placed two clasped hands, the fingers enlaced hori-
zontally, demonstrating the friendly solidarity of both architect and engineer engaged, on 
the same level, in building the civilization of the machine age. [30]

Since the year 2000 we, together with the Royal Society of Architects (BNA), the 
Association of Consulting Engineers (NLIngenieurs) and the Society of Building 
Services Engineers, organized series of workshops in the Netherlands. More than 
200 professionals, with at least 12 years of experience, from different professional 
organizations voluntarily participated in these workshops. After extensively experi-
menting with different setups for the workshop, a 2-day workshop setting was 
selected [39]. The 2-days workshop was organized as part of a professional training 
program for architects and consulting engineers (structural engineers, building ser-
vices engineers and building physics engineers).

In connection with the integral design research project for professional in the 
Dutch building industry, we developed an educational project, the master project 
integral design. The concept of the integral design workshop for professionals was 
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implemented within the start-up workshop of our multidisciplinary masters’ proj-
ect. The different design assignments all were related to the design of zero energy 
buildings. These complex tasks require early collaboration of all design disciplines 
involved in the conceptual building design and as such let the students experience 
the added value of the design method. Master students from architecture, building 
physics, building services, building technology and structural engineering partici-
pated in these projects. The basis of this project, which serves as a learning-by- 
doing start-up workshop for master students, is a method with extensive use of 
morphological charts combined to a morphological overview of the design team. 
The master project integral design was initiated by the chair of building services in 
the 2005/2006 academic year. During the start-up workshop professionals partici-
pated in the student’s design teams, and this specific intervention within the design 
process has been investigated. Having a tested framework for introducing the design 
method allowed us to investigate the effects of different interventions as well as the 
analysis of several aspects, such as the effectiveness of different designers or the 
effect of communication in words or sketches. The program and set-up of the work-
shop is presented in Fig. 10.

All the assignments had a similar level of complexity which made the results 
comparable. To investigate the effect of the morphological tools of the integral 
design approach, they were used in similar workshops setting for different types of 
students, professionals and practitioners;

• Bachelor Students 2015–2021
The students of the course in which the workshop was held were second and 

third year bachelor students, age around 20–22, all Dutch. The students were from 
the Faculty of the Built Environment and of the Faculty of Psychology and 
Technology.

Fig. 10 Program and set-up of start-up workshop
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• Master Students 2011–2018
These were fourth year students (architectural, structural, building physics and 

building services) all from the Faculty of the Built Environment, age around 22–24.

• Architectural Master Students
One workshop was held for students of architecture all working in a master thesis 

project design atelier as part of their MSc graduation project. So they were fifth year 
students who nearly had finished their studies, age around 23–25. This was the only 
mono-disciplinary group in the comparison.

• PDEng students 2012–2013
The students from the postdoctoral engineering (PDEng) program Smart Energy 

Buildings and Cities (SEB & C) were from all different International MSc disci-
pline backgrounds, age 24–26.

• Professionals 2009
In the research of Savanovic (2009), the concept of working with morphological 

overviews was tested in different series of workshops for professionals, with at least 
12 years of experience. There were 4 series of workshops with in total 96 partici-
pants for testing different set-ups. Here only the results of the fourth workshop are 
included.

• Professionals 2015
In 2015, the researchers participated in the start-up of a real professional project 

for the design of a nearly zero energy building [6]. The professionals had around 
20 years of experience.

• Practitioners 2019
The Dutch Society for Building Services Engineers (TVVL), together with the 

TU Eindhoven organized a master call. There was no restriction towards the partici-
pants, unlike the workshops for professionals in the research of Savanovic (2009) 
where the participants should have a least 12 years of experience.

 Results Design Approach

Architectural intent, function and structural, services and environmental intent – all need to 
be brought together at an early stage to achieve the aesthetic, functional and civic integrity 

of a good building. –Mike [52]

Central element of the integral design process is the use of morphological charts by 
individual designers which were combined into one morphological overview by the 
design team. During all experiments the design teams consisted of different disci-
plines. Unfortunately in the conceptual phase of the design, it is not possible to 
accurately evaluate the quality of the mentioned functions/aspects or sub-solution. 
Only a quantitative analysis is possible by counting the number of mentioned func-
tions/aspects and sub-solutions. The number of functions and sub-solutions 
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mentioned by the designers in their morphological charts and the design team’s 
morphological overview were counted. The average increase of functions and solu-
tions as mentioned by the design teams in their morphological charts and morpho-
logical overview is represented in Fig. 11.

Results show that the group interaction is of great importance during the concep-
tual design phase and has a clear positive effect on the number of functions and 
aspects discussed as well as on the number of generated part solutions. This was 
founded by the original research with professionals [Savanovic 2009] as well as in 
the educational setting with different types of students. Given the number of 
involved design teams in the series of workshops, with more than 300 students and 
well over hundred professionals as participants, there is a sound quantitative basis 
for conclusions.

So this is a good way to get the brains of the design team together; however, it 
does not solve the problem with the operation phase of the building. Fortunately 
enough the new developments with the application of artificial intelligence, big data 
analytics and machine learning offer new possibilities to also add more brains to the 
building to improve their performance in real life.

 Artificial Brains for Building Operation: Data Analytics 
and Machine Learning

Artificial Intelligence, deep learning, machine learning — whatever you’re doing if you 
don’t understand it — learn it. Because otherwise you’re going to be a dinosaur within 3 
years.– Mark Cuban, American entrepreneur

A good design is important but also maintaining performance and condition in oper-
ation over the years. Buildings are not yet capable of controlling their energy-con-
suming and energy-producing devices to achieve the user’s desired comfort or to 
respond more flexibly to local demand and (sustainable) energy supply.

Fig. 11 Average relative increase in the number of functions and sub-solutions in morphological 
overviews compared to the individual morphological charts
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With energy management of technical installations in buildings, substantial sav-
ings can be achieved, up to 15–30% [16, 20, 44]. A study conducted in England 
indicates even that 25–50% savings could be made if the installations all worked 
without faults or deviations [46]. In reality, buildings use much more energy than 
assumed during the design. The availability of data from buildings offers new 
opportunities for improving actual energy performance and closing the so-called 
energy performance gap. Due to the combination of continuous monitoring, error 
detection and diagnosis, approximately 25% energy can be saved, which is five 
times higher than the nationally produced amount of Dutch solar and wind energy 
in 2016 [11]; see Fig. 12.

However, the main objective of the building services, the perceived comfort of 
occupants, was not considered. The traditional focus is on the means and not on the 
goal itself: a healthy, productive and comfortable indoor climate within the build-
ings. There is a strong relationship between occupants and energy us; see Fig. 13 
from IEA Annex 66.

In addition, when using the 4S3F, the number of complaints regarding thermal 
comfort will decrease sharply, resulting in higher productivity and less absenteeism. 
This amounts to about 3–5% of labour costs and is actually the biggest saving for 
building users. Another saving lies in the time saved by automation with building 
managers and facility managers.

The European Commission has adopted the revised European Energy 
Performance of Buildings Directive (EPBD III) with the aim of improving the 
energy efficiency of buildings, thereby reducing energy consumption. The EPBD III 
prescribes system requirements for improving the energy performance of technical 
building systems. Utility buildings with heating or air conditioning systems with a 
power of more than 290 kW must be equipped with a building automation and con-
trol system (GACS) from 2026. These systems must be capable of:

• Continuously monitoring, tracking, analysing and adjusting energy 
consumption.

Fig. 12 The benefits of reducing the energy inefficiency of operating buildings
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Fig. 13 Relationship between occupants and building’s energy usage (IEA Annex 66)

• Assessing the energy efficiency of the building, detecting efficiency losses of 
technical building systems and informing the manager of the facilities or techni-
cal installations about the possibilities to improve this.

The current building management systems cannot comply with this. Data is pro-
duced and (sometimes) shown in graphs, but analysis thereof is missing and is not 
automated; interfaces to inform and support the administrator in his decisions are 
very limited.

The maintenance of the installations is more action oriented than performance 
oriented, which means that the costs are higher and the number of malfunctions and 
nuisances for the user higher. Therefore, it is important to detect deviations as soon 
as possible with continuous commissioning, so that there is constant monitoring of 
all circumstances and error detection in combination with a diagnosis.

There are four main methods [8] for energy performance evaluation of climate 
installations: engineering calculations, simulation, statistical methods and machine 
learning. The theoretical possibilities of data analysis and machine learning are 
promising, but in the built environment they have not yet been made sufficiently 
applicable for the specific requirements of the domain. Although several studies 
have been carried out into the causes of energy gaps, a structured analysis is still 
lacking to deal with the enormous amount of data which can be processed leading 
to the detection and diagnosis of a specific energy gap.

 Fault Detection and Diagnosis

In the categorization of fault detection and diagnosis methods (see Fig. 14) (Zhao, 
2019), there are two main categories: knowledge-based methods and data-driven 
methods.
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It is more promising to apply combinations of both methods, combining data- 
driven techniques with physical models, which are in line with knowledge and prac-
tice of installation designers and operators.

There is an urgent need for robust energy management methods in practice for 
continuous remote management of climate installations in terms of energy effi-
ciency, comfort and performance contracts. The main objective of this work pack-
age is to develop the necessary insights regarding sensors, data interpretation, trends 
signalling, continuous monitoring, error detection, energy diagnosis and predictive 
maintenance. This is in such a way that it can be converted into practical concepts 
for product development within the installation industry: this means a modular and 
scalable approach, so not everything at the same time but focused on the most 
important parts.

Although much of a promise, the reality of data analysis is that about 80% of the 
time is needed for cleaning up and organizing the data [23]. So it’s a relatively inef-
ficient process. In addition, 80% of waste is caused by only 20% of components. To 
increase the efficiently of the process, two promising methods are being tested and 
further developed to use building data more efficiently and effectively: the 4S3F 
framework and Pareto-Lean analyses. The first is promising because it is based on 
installation technical knowledge (and BEMS data, of course) and the second 
because it comes from powerful tools for improving processes. In addition, different 
methods and tools are used for data analysis for error detection and diagnosis. The 
results will be add-on’s modules on top of existing BEMS.

Fig. 14 Classification of faultdetection methods for buildings [49]
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 Automated Fault Detection by Diagnostic Bayesian Networks 
4S3F Method

Automated fault detection greatly increases both indoor environmental quality 
(IEQ) and energy performance. For this purpose, a generic error detection method 
has been developed, the 4S3F method that works based on diagnostic Bayesian 
networks (DBN) with three generic types of errors (component, control and model 
errors) and four generic types of symptoms (balance, energy performance, opera-
tional state and additional symptoms) [41, 42]. Symptoms and errors are linked 
once in a Bayesian network set-up based on the principle schemes of a specific 
installation. Figure  15 shows relationships between error and symptom types in 
these four types of symptom and three types of errors (4S3F).

The application of the 4S3F framework on sensor faults is strongly based on 
system engineering for both detection and diagnosis of faults, applying energy, 
mass and pressure conservation laws for detection purposes applied to both aggre-
gated systems and subsystems based on the process and information diagram (P & 
ID). The symptom detection part tested in a case study demonstrated that the frame-
work can identify symptoms at multiple system and subsystem levels. Sensors are 
the core of an FDD system, and therefore it is essential to be able to automatically 
diagnose sensor faults. By considering hard sensors as components of the systems 
and soft sensors as models, they can be integrated into the 4S3F method. The fault 
identification part of the 4S3F framework is a DBN that interprets the symptoms to 
identify the faults. In a DBN, posterior probabilities of faults are estimated from the 
results of the detection. The DBN must be set up conforming to the P & ID, i.e. 
using the same structured standard DBN models for common components, controls 
and models are developed and can be combined in order to represent the complete 
HVAC system. The Bayesian network is continuously powered by data from the 
BEMS and is therefore able to continuously identify errors. The 4S3F system is 
therefore plugged into the BEMS.  It is important to improve and safeguard the 

Fig. 15 The 4S3F model: relationships between error and symptom types and the 4S3F struc-
ture [41]
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methods for data analysis and control related to BEMS and measurement and con-
trol systems of installations and to develop suitable algorithms.

This method has been specifically designed to connect to the design process of 
installations and to the knowledge and skills of installation designers and building 
managers. It uses the knowledge embedded in basic schemes, unfolded in a DBN, 
which performs automated analysis based on BEMS data and machine learning and 
rule-based AI methods. Deviations in an energy, mass or pressure balance for a 
system, deviations from a performance factor (e.g. coefficient of performance or 
efficiency) or deviations from state value (e.g. temperature, flow rate, pressure, on- 
off status of a component) are automatically detected by the status values measured 
by the BEMS. Additional symptoms based, for example, on inspection or mainte-
nance information or on specific fault detection methods of HVAC components can 
be added if necessary.

From the measured symptoms, the errors that cause these symptoms are identi-
fied. There may be errors in the missing data models, the so-called soft sensors. 
There may also be HVAC components and systems that do not function properly, for 
example, too low installed capacity or too low efficiency due to aging or because it 
is defective. The latter type concerns errors in the control of the HVAC components 
and the system, for example, the control of supply temperatures and the on-off strat-
egy of components such as the control of the order of energy generators.

 Pareto-Lean Analyses

In the current situation the BEMS can generate enormous amount of data. Some 
people speak of the new gold as they image that you can do smart things with it and 
earn much money. Unfortunately in reality the data mining process (see Fig. 16) is 
difficult and time-consuming to really find the gold, the useful knowledge, between 
all the data. It is just like gold digging in the past; it is hard work, and nothing is got 
for free. In data analysis, data preparation is known to take up to 80% or even more 
of the project time [23], and so a small portion is left on the analysis and optimaliza-
tion itself. So instead of starting collecting all data, it is important to think which 
data you really need, which parameters are the most important and during which 
periods of the year.

The Pareto analysis, also known as the 80/20 rule, assumes that the majority of 
problems (80%) can be identified by a few major causes (20%), or 80% of the prob-
lems can be solved with 20% of the effort. This analysis method is often used in 
decision-making issues or in solving complex problems in, for example, industrial 
engineering. An example of a proven applicability of the Pareto analysis is found in 
a lamp production process where the stem making is responsible for more than 87% 
of the total defects [2]. The Pareto analysis is a practical way of identifying causes 
of problems, and it encourages analysing and organizing. It is proven to be a suc-
cessful systematic approach in, for example, economic aspects [21]. Figure 17 illus-
trates this Pareto analysis, in which the required effort (causes) is plotted against the 
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Fig. 16 Data mining process to come from data to useful knowledge. (Modified from [29])

Fig. 17 Methodology based on the Pareto analysis. Majority of problems (80%) identified by a 
few major causes (20%) [5] 

solutions (problems) [5]. According to this definition of the Pareto analysis, the 
hypothesis has been formed that the Pareto analysis was also applicable to energy 
reduction. The Pareto analysis identifies the few causes that result in the majority of 
energy consumption problems. The analysis identifies problems and rates the influ-
encing parameters, resulting in the most important parameter to focus on first. “It is 
normally easier to reduce a tall bar by half than to reduce a short bar to zero. 
Significantly reduce one big problem, and then hop to the next”, as cited by [7]. 
Figure 18 illustrates a Pareto diagram.

It is therefore important to be focused and try to make a selection of the most 
important aspects and associated datasets in order to discover the deviations and 
causes. Especially useful are the Pareto analysis (Barlett, 2015) and the LEAN 
energy analysis (L.E.A.) [1, 26]. These are intended to focus on the data to be used 
so that not all data needs to be cleaned up and used which would take a lot of time. 
The combination of both methods can also be used to carry out that analysis [18], 
and thus the strengths of both methods can be used. Both methods for energy analy-
sis, pareto analysis and LEAN, can be combined into an eight-step approach [13]:
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Fig. 18 Pareto diagram projected on the energy problem [54])

 1. Pareto analysis, step 1: Identification of problems. The building is modelled and 
energy performance simulated in MATLAB or EnergyPlus and compared to the 
measured energy consumption, to identify the energy gap.

 2. Pareto analysis, step 2: Identify the underlying causes of each problem. Although 
all institutions, control strategies and properties in buildings and building sys-
tems together determine the behaviour of energy consumption, they are reduced 
to a small amount of identified “main parameters”.

 3. Pareto analysis, steps 3/4/5: Rank, score and group problems and causes. The 
impact of the parameters on annual energy consumption is assessed on the basis 
of a sensitivity analysis to determine which ones are most important in assessing 
energy performance gaps.

 4. Pareto analysis, step 6: Evaluation of the energy gap by critical parameters. This 
step investigates whether the energy performance differences in the case studies 
can be assessed/explained by the selected parameters from the steps before.

 5. LEAN, step 1: Collect weather and energy usage data. Collect the required mea-
surement data for a linear comparison with simulated energy consumption.

 6. LEAN, step 2: Create basic/benchmark models. Identification of characteristic 
correlations in energy performance of the case study building and the creation of 
benchmark models, which can be used to assess measured energy efficiency.

 7. LEAN, step 3: Identify energy gaps with regression coefficients of benchmark 
regression models. The identification of the energy gap consists of assessment 
with coefficients of multi-parameter regression models.

 8. LEAN energy analysis, step 4: Assessment of the remaining energy gaps (which 
could not be explained by the Pareto analysis). The results are used to assess the 
energy performance differences, in addition to the previous results of the Pareto 
analysis.
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Through (smart) data analysis of sensor or energy data from main meters or coarse 
submeters, the problem of the performance gap of building operations can be deter-
mined by the analysis of the data. This can then be applied to a large number of 
buildings. This involves the use of enormous amounts of data; however, the applica-
tion of Pareto-LEAN method can reduce the number of data points required. This 
will increase the efficiency and effectiveness. Using the data gives the possibility to 
add brains to the building and thus let them perform much more efficient than cur-
rently possible. In this way, it is possible to focus on those data from the entire 
mountain of data, which is really the most important to detect deviations and iden-
tify causes. This allows targeted choice of data and specific datasets to be used for 
the machine learning algorithms. This greatly increases efficiency and effectiveness 
by only having to work on data with a limited learning set. However, obtaining 
accurate energy predictions is still difficult due to the changes in weather and user 
behaviour. Data mining methods can provide a better understanding of the interac-
tions between user behaviour and future energy needs that have significant impact 
asset management and the utilization of energy flexibility. But this requires a good 
and effective approach. A preliminary study examined a methodology for the iden-
tification, characterization and evaluation of robust typical energy consumption pat-
terns. A cross-validation has been created to illustrate the added value of the 
evaluation using variable distance metrics and clustering algorithms. By using iden-
tified and characterized patterns, reliable evaluation of the energy use forecast can 
be made [32].

For the purpose of energy reduction of the built environment, this task is based 
on analysis using (physical and/or/or/plus data-driven) models at building and main 
component level, in addition to tightening rule-based controls at component level. 
This involves a combination of top-down and bottom-up with a middle out approach; 
see Fig. 19. This approach fits in well with the 4S3F approach through the classifi-
cation into systems, subsystems and components, and synergy will therefore 
be sought.

Fig. 19 Combined approach to top-down, bottom-up and middle out
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 Towards Machine Learning

Models of the building and building services are also used. Input for the model is the 
actual behaviour of users, for example, control lighting, presence or thermostat set-
tings. The models can partly be implemented as a virtual sensor for parameters that 
are also measured in reality, but for which there is often no sensor in practice. The 
difference between parameter values measured in reality and the parameter values 
calculated by the model (e.g. energy consumption, indoor temperature or cooling 
capacity) serves as error indicators.

Through (smart) data analysis of energy data from main meters or coarse subme-
ters, a large part of the problem or impact of sustainability measures can be deter-
mined by the analysis of the data. Due to the amount of sensors/data required, this 
can then be applied to a large number of buildings. This involves the application of 
Pareto-LEAN method to reduce the number of sensors required.

A number of machine learning algorithms were evaluated to predict electricity 
demand at individual construction level in hour intervals [43]. Hourly prediction is 
important to understand short-term dynamics, but most studies are limited to annual, 
monthly, weekly or daily data resolutions. Two years of data was used in training 
the model, and the prediction was carried out using another year of untrained data. 
Learning algorithms such as boosted-tree, random forest, SVM linear, quadratic, 
cubic, fine-Gaussian as well as ANN were analysed and tested to predict the elec-
tricity demand of individual buildings; see Fig. 20. The results showed that boosted- 
tree, random forest and ANN are the best results for hourly prediction when 
comparing algorithms based on computer time and error accuracy [43].

These results are based on the total energy consumption; it is important to now 
look at the energy use of specific user groups of electricity in a building, as well as 
also to look at gas use or possibly district heating.

Fig. 20 Development opportunities data based model [43]
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Fig. 21 Principle application machine learning

Fig. 22 Relationship between stakeholders, data and machine learning methods

Although only the application of specific machine learning algorithms is promis-
ing in theory, in practice it turns out that using all the data leads to a huge amount of 
work. The data collection and the preparation of the data are time-intensive; see 
principle design application machine learning, Fig. 21.

An important innovative element is the linking of prediction and optimization of 
the machine learning method that are applied. Depending on the specific interest of 
the stakeholder (user, administrator, installer, etc.), the most suitable method or 
combination of methods is used. Research has shown that for the optimization of the 
process and the reliability of the prediction, a combination often gives the best result 
[34]; see Fig. 22.
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 Discussion

The proposed design method had a major positive effect on the number of proposed 
sub-solutions and also on the amount of functions and aspects considered in the 
conceptual phase of the design process by the design team members. This indicates 
that the effectiveness and productivity of design teams were largely improved by 
adding structure to the process. As such integral design is a necessity for nature-
assisted HVAC systems for net zero energy buildings where architect and consulting 
engineers have to truly collaborate and make optimally use of their combined brains 
in the conceptual phase of building design process.

The energy transition requires more optimally functioning installations that use 
less energy. Users want healthier and more productive climate conditions. The com-
plexity of the installations increases sharply and therefore the necessary experience 
and knowledge to solve problems. There is a growing shortage of experienced peo-
ple who are able to analyse this data. Therefore, it is becoming increasingly impor-
tant to develop systems to automate these continuous monitoring, error detection 
and diagnostic functions.

 Conclusions

To achieve net zero buildings in practice, we need to use all the brains of the stake 
holders involved especially architects and engineers. In chapter “Thermal Behavior 
of Exterior Coating Texture and Its Effect on Building Thermal Performance”, dif-
ferent and complementary approaches are presented, one aimed at het design phase 
and the other at the operation phase:

A break with the traditional line of thoughts of architects as well as consulting 
engineers is therefore needed. A new design model, integral design, was developed 
to support interaction between all the disciplines involved in the conceptual building 
design process by structuring the communication and solution generation process in 
steps. By structuring the information flow about the tasks and solutions of the other 
disciplines, the method forms a design within the design process and enables a 
structured approach even in the conceptual design phase. The use of the morpho-
logical overview based on the individual morphological charts creates a way to 
share interpretations and ideas for solutions forming a basis for synergy leading to 
more and innovative designs; see Fig. 23.

A new design model, integral design, was developed to support interaction 
between all the disciplines involved in the conceptual building design process by 
structuring the communication and solution generation process in steps, thus stimu-
lating a break with the traditional line of thoughts of architects as well as consulting 
engineers. By structuring the information flow about the tasks and solutions of the 
other disciplines enables a structured approach even in the conceptual design phase. 
This would really activate more brains to the building design. As such it is a good 
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Fig. 23 The morphological overview to connect the minds of the design team

method for supporting architects and engineers in the highly complex tasks of 
designing sustainable net zero or even plus energy buildings.

The application of data analysis using machine learning for continuous monitor-
ing is new in this area, as is the application of machine learning combined with 
models for error detection and diagnosis. It is essential to find the right techniques 
for the applications in this specific domain of HVAC, e.g. filters with their resulting 
indoor air quality level or energy wastage due to shifted setpoint. The modular 
approach to the development of a continuous monitoring system through data analy-
sis by machine learning and supported by thinking methods such as 4S3F or Pareto- 
LEAN offers new possibilities to solve some of the problems that have so far proved 
too complex.

The modular approach to developing a fault detection and diagnosis system 
through data analysis and machine learning offers new possibilities to actually bring 
multiple perspectives and focus together. The result is an approach to automatically 
and continuously determine the performance of climate installations in buildings, to 
identify undesirable deviations or trends and to diagnose them. This leads to more 
effective and efficient maintenance and management of the installation (also lower 
costs) as well as to a long-term lower energy consumption, better experienced com-
fort and indoor air quality. This is important for the operator of the building (owner 
or a third party responsible).

In addition to being a better guarantee of comfort, more reliable systems are also 
a better guarantee of balance. A big issue with flexibility is the reliability of deliv-
ery; often flexibility is offered in advance. This flexibility can be crucial for, for 
example, a grid operator. If at the moment it is not possible to deliver due to mal-
functions or deteriorated performance, problems may arise for the grid operator, a 
risk for the provider. If it is clear in advance that an error is coming, maintenance 
can be planned, and flexibility may not be offered. This can even prevent problems 
in the energy grid in the long term.
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The combination of the approaches presented in this chapter offers a real possi-
bility to improve the current situation of the built environment and will make it 
possible to make an important step to reach for truly net zero buildings.
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Using Building Integrated Photovoltaic 
Thermal (BIPV/T) Systems to Achieve Net 
Zero Goal: Current Trends and Future 
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Saman Samiezadeh, Siamak Hoseinzadeh, Alireza Dehghani-Sanij, 
Marco Pierro, and David Moser

 Introduction

According to some estimates, by 2035, the global energy consumption rate will 
have undergone a 50% rise from 1990 levels. This predicted rise will stem from 
large increases in population growth and urbanization and will influence the energy 
consumption of buildings. Today, buildings account for 40% of global energy con-
sumption [1–3], with nonrenewable energy being consumed for their cooling, heat-
ing, and lighting [4].

In large cities, for instance, Tokyo, San Francisco, Hong Kong, and New York, 
buildings account for significantly greater greenhouse gas (GHG) emission and 
energy consumption than transportation does [5]. In response, global roadmaps are 
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seeking to replace the fossil fuels used to power buildings with renewable, clean 
energy resources, with the goal of changing buildings with high energy consump-
tion into net zero energy ones [6, 7]. Therefore, decarbonization has become a great 
environmental priority, and new buildings designed to be net zero are a focus in the 
European Union (EU). The UK is hoping to achieve an 80% decline in national 
emissions by 2050 and then to modify the plan for zero emission systems [8]. Japan 
intends for its public and residential buildings to be net zero energy buildings 
(NZEBs) by 2020 and 2030, respectively [9]. Furthermore, after 2030, new US 
commercial buildings will be required to be net zero. Meeting these goals will 
require the reduction of primary building energy consumption through energy- 
efficient envelopes [10].

Photovoltaic (PV) systems are a promising alternative for harnessing clean, inex-
haustible, and abundant solar power for the generation of environmentally benign 
energy [11]. In Italy, attempts are being made to achieve the goal of using 55% 
renewable energy resources for the country’s power supply. The power production 
of PV technologies is planned to increase from 25 TWh per year at the present time 
to 72 TWh per year in 2030 [12]. Moreover, German PV installations have reached 
a total energy capacity of 50 GW and are expected to generate up to 413 GW by 
2050 [13]. The global market for PV solutions is also expected to enjoy a 1.7% 
growth per year, suggesting a rise from approximately 42,000 million USD in 2019 
to around 47,000 million USD in 2024 [14]. The permanent load of a building, 
including concrete rooftops and walls, can be replaced with PV systems, leading to 
fossil energy-free buildings and a pollution-free environment [14].

Building integrated photovoltaics (BIPVs) are solar-generating components that 
can be used to replace traditional construction materials and envelopes (e.g., shad-
ing, atria, window, and roof components) with PV and so support clean power gen-
eration. Hence, BIPV provides a building envelope and supplies electricity. New 
buildings can be constructed using BIPV, and existing buildings can have it retrofit-
ted. In light of its dual functionality, BIPV is an efficient and effective approach to 
decreasing construction labor and material costs. In addition, BIPV helps maintain 
the decorative features of buildings. Thus, the implementation of BIPV has grown 
significantly in recent years. Semitransparent BIPV structures (e.g., glass-on-glass) 
have become an appealing choice for architects as they can provide an excellent 
exterior appearance while allowing daylight into buildings and controlling solar 
gain. They are also appealing for facade glazing [15]. In a BIPV, the system pro-
duces electricity, while no heat from the panel is recovered. When there is heat 
recovery from the panel, the system is called BIPV/T [16]. BIPV/T technologies 
have better energy efficiency in comparison to BIPV systems. Furthermore, due to 
saving more fossil fuels, they enjoy the better environmental performance as 
well [17].

Having briefly introduced BIPV/T systems, this chapter next discusses their 
working principles, their use in different parts of a building, and mathematical mod-
eling of BIPV/T units in both free and forced convection conditions. The net zero 
goal is described as is the role of BIPV/T systems in reaching this goal.
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 BIPV/T Systems: How They Work

A BIPV/T system is schematically depicted in Fig. 1. In such a system, on the one 
hand, a portion of the radiation gained from the sun by PV supports electricity gen-
eration. On the other hand, air flows through the channel between the PV and build-
ing wall and absorbs a part of the irradiance that is not transformed into electricity. 
The inlet air can be totally supplied from the atmosphere, or it be a mixture of 
rooms’ return air and ambient air. The outlet air can also be utilized for space heat-
ing in cold seasons and desiccant regeneration in hot seasons. These options mean 
energy, and consequently money, is saved, and fossil fuels need not be consumed for 
space heating or desiccant regeneration, so GHG emissions are negligible [18].

In addition to installation on the sidewalls of buildings, BIPV/T systems can be 
installed on roofs [19]. Over time, BIPV/T systems have gradually come to be used 
in other parts of buildings as well. In fact, it is now possible to use these systems in 
all parts of buildings’ exterior shells, such as roofs, facades, walls, skylights, or 
special structures such as ledges and awnings [16]. Therefore, it is not too unlikely 
that BIPV/T systems will soon reach cover the entire exterior of the buildings and 
can be designed to be architecturally attractive as well as functional [20]. Moreover, 
PV cells can be employed in the form of dye-sensitized solar cells, offering the 
opportunity of using them in windows [21].

 Mathematical Modeling

This section focuses on system modeling. A BIPV/T system, in addition to the air 
duct behind the panels, consists of five layers: glass, top EVA (ethylene vinyl ace-
tate), silicon, bottom EVA, and Tedlar, which are further modeled. The sketch of 

Fig. 1 Working principle of a building integrated photovoltaic thermal (BIPV/T) system [17]

Using Building Integrated Photovoltaic Thermal (BIPV/T) Systems to Achieve Net Zero…



94

Glass Tedlar

Silicon

EVA EVA

Fresh air Room return air

Mixed 
air

Recovered heat for further 
usage (e.g., space heating)

Fig. 2 The sketch of BIPV/T system considered for modeling by the explained approach in part 3

BIPV/T system considered for modeling by the explained approach is illustrated 
in Fig. 2.

 Glass

Energy enters the glass layer through the transfer of conductive heat between the top 
layer of EVA and the glass as well as the sun’s radiation. The energy output of the 
glass layer is through heat transfer and radiation between the glass and the ambient 
air, as seen in Eq. (1):

 
c A

dT

dt
GA Q Q QEVAp g g g

g
g cond g conv g a rad g sky, , , ,� � �� � � �� � �1

 
(1)
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where the subtitle g symbolizes glass, a is the ambient air, and cp, δ, A, ρ, T, t, α, G, 
Qcond, Qconv, and Qrad represent the specific heat capacity, thickness, area, density, 
temperature, time, absorption coefficient, solar radiation, conductive heat transfer, 
convective heat transfer, and radiant heat transfer, respectively.

In Eq. (1), the terms from the left are:

• Glass energy changes
• Heat absorbed by receiving solar radiation
• Conductive heat transfer between the glass layer and the top layer of EVA
• Convective heat transfer between the glass layer and the ambient air
• Radiation from glass to the sky

The coefficient of conductive heat transfer is calculated from Eq. (2):

 

Q
T T

REVA
EVA

EVA
cond g

g

g
� �

�
1

1

1
,

,  

(2)

where REVA1,g is the thermal resistance between the glass and EVA layers and can be 
calculated from Eq. (3):
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where thermal conductivity is shown by k.
The convective heat transfer between the glass layer and the ambient air is 

obtained from Eq. (4):
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where the thermal resistance and convective heat transfer coefficient are obtained 
from Eqs. (5) and (6) [22]:
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(6)

The wind speed is shown by U.
The relationship in the radiant heat transfer between the glass layer and the sky 

is as follows:

 

Q
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Rrad g sky
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(7)
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Thermal resistance and the sky temperature can be calculated by Eqs. (8) and 
(9) [23]:

 

R
A T T T T

rad g sky

g g sky g sky

� �
�� � �� �,

1
2 2��

 

(8)

 
T Tsky a= 0 0552 1 5. .

 
(9)

In Eq. (8), σ is the Stefan-Boltzmann coefficient, and ε is the emission coefficient.

 Top EVA

The input energy arrives at the top EVA layer through conduction between the top 
EVA and silicon; output energy from the top EVA layer is through the conduction 
heat transfer between the EVA and glass layers, as shown in Eq. (10). In the follow-
ing relations, the PV caption symbolizes the silicon layer.

 
c A

dT

dt
Q QEVA EVA EVA

EVA
PV EVA EVAp cond cond g, , ,1 1 1

1
1 1� � � �� �

 
(10)

In Eq. (10), the terms are as follows:

• Top EVA layer changes
• Conduction between top EVA and silicon
• Conduction between glass and the top layer of EVA

The conduction between top EVA and silicon can be calculated from the follow-
ing equations:
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 Silicon

The energy input to the silicon layer arrives through solar radiation, and the output 
energy is the product of power generation and heat conduction between the top EVA 
and silicon and heat conduction between the bottom EVA and silicon, according to 
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Eq. (13). In the following relation,τ is the transmissivity, and Pele is the produc-
tion power.

 
c A

dT

dt
GA P Q QPV PV PV

PV
PV ele PV EVA EVA Pp g cond cond, , ,� � � �� � � �� �1 2 VV

 
(13)

The left-to-right terms in Eq. (13) are

• Silicon layer energy changes
• Solar radiation received by the silicon layer
• Power generation of solar cells
• Conduction between top EVA and silicon
• Conduction between glass and bottom EVA

The conduction between bottom EVA and silicon, as well as the thermal resis-
tance, is calculated from Eqs. (14) and (15):
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(15)

 Bottom EVA

The input energy to the bottom EVA layer is the conduction between the bottom 
EVA and silicon, and the output energy is the conduction between the bottom EVA 
and Tedlar, which can be calculated according to Eq. (16). The Td subtitle repre-
sents the Tedlar layer.

 
c A

dT
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Q QEVA EVA EVA

EVA
EVA PV Td EVAp cond cond, , ,2 2 2

2
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(16)

The terms of Eq. (16) from left-to-right are

• Energy changes of bottom EVA layer
• Conduction between bottom EVA layer and silicon layers
• Conduction between Tedlar and bottom EVA layers

The conduction between the bottom EVA and silicon and the thermal resistance 
is calculated from Eqs. (17) and (18).
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(18)

 Tedlar

The input energy to the Tedlar layer is through the conductive heat transfer between 
the bottom EVA layers and the Tedlar, and the output energy is through the transfer 
of radiative and convective heat between the Tedlar and the ambient air, shown in 
Eq. (19):

 
c A

dT

dt
Q Q QTd Td Td

Td
Td EVA Td Tdp cond conv a rad a, , , ,� � � � �� � �2

 
(19)

The terms from left-to-right in Eq. (19) are

• Tedlar layer energy changes
• Conduction between Tedlar and bottom EVA
• Convection between Tedlar and air
• Radiation between Tedlar and surroundings

The method of calculating radiant heat transfer rate and thermal resistance is 
mentioned in Eqs. (20) and (21):
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In addition, the convective heat transfer rate between Tedlar layer and air stream is 
obtained according to Eqs. (22) and (23):
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To obtain the convective heat transfer coefficient—which is between the BIPV/T 
system and the wall of the building—one must consider whether the air channel of 
the BIPV/T system has forced or free convection. The governing equations for each 
of these two conditions are introduced in the subsequent part.
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 The Air Stream Between BIPV/T System and Wall of Building

In this part, first the governing equations for free convection are presented. It fol-
lows by presenting the governing equation for forced convection. For both condi-
tions, the heat transfer rate between panel and air ( QPV ,air ) can be determined from 
Eq. (24):

 


Q m c T TPV , , , ,air air P air air out air in� �� �
 

(24)

Here, mair , cP, air, Tair, out, and Tair, in stand for the mass flow rate, isobaric heat capacity, 
outlet air stream temperature, and inlet air stream temperature, respectively. In addi-
tion to Eq. (24), QPV ,air  can also be defined from Eq. (25):
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(25)

where APV, air denotes the heat transfer area between PV and air stream. Tair, mean is the 
mean temperature of air stream, which can be considered as the average of the val-
ues of inlet and outlet temperature of air stream [24]:
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 Free Convection

When the convective heat transfer is free, the convective coefficient can be obtained 
from Eqs. (27) to (29) [25]:
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where X denotes the characteristic length. Moreover, Nu, Pr, Gr, and Gr∗ represent 
the Nusselt number, the Prandtl number, the Grashof number, and the modified 
Grashof number, respectively. The average Nusselt number is expressed as Num and 
β, g, qw, and γ are the temperature constant of the convective coefficient, the accel-
eration of gravity, the heat flux (energy per unit area) transferred from the wall to the 
air stream, and the heat capacity ratio (the ratio of isobaric heat capacity to constant 
volume heat capacity, which is known as the isentropic expansion factor).
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 Forced Convection

The forced convective heat transfer coefficient between the airflow and the BIPV/T 
system is given by Eqs. (30) to (32) [24]:
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where DH, Re, and L are the hydraulic diameter, Reynolds number, and Length of 
channel.

 The Electrical Model

The primary purpose of PV systems is to generate power, so modeling the electrical 
power of solar PV systems is very important. There are different ways to predict the 
electrical performance of PV systems. One of the relations in which the efficiency 
of the solar system is determined based on the reference conditions is presented in 
Eq. (33):

 
� � �� � �� �� �ref ref PV ref1 T T

 
(33)

where ηref, βref, and Tref represent the efficiency, temperature coefficient, and refer-
ence temperature. The reference condition for this equation is solar radiation of 
800 W.m−2 and temperature of 20 °C, respectively. The reference condition should 
not be confused with the standard test condition (STC), in which the irradiance and 
temperature values are 1000 W.m−2 and 25 °C, respectively [26]. These coefficients 
are provided in the customer catalogs of solar panel manufacturers.

The power of the solar system is calculated by Eq. (34):
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(34)
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 Coupling the Two Models

The discussion provided in the previous parts has shown that determining the elec-
trical power requires the PV temperature, and obtaining the PV temperature neces-
sitates knowledge of the electrical power. Therefore, the thermal and electrical 
stimulation approaches should be coupled together, and the system performance 
values should be obtained by trial and error. A detailed explanation is available in 
previous studies by the authors, such as [27]. The trial-and-error process for finding 
the temperature and electricity production of the system is depicted in Fig. 3.

It is worth mentioning that despite changing the meteorological characteristics 
by time, by following the same fashion as the published research works in the field 
such as [28], the equations have been solved in the steady-state condition at each 
time step. For this purpose, the computer codes developed by a software like 
MATLAB could be utilized.

Moreover, obtaining the temperature of the outlet air stream is done by following 
the stages introduced in Fig.  4. As seen, obtaining temperature of PV using the 
given flowchart of Fig. 3 is a part of that.

 Achieving the Net Zero Goal Using BIPV/T Systems

The term “net zero” may refer to two concepts. One is “net zero energy building 
(NZEB),” referring to a building equipped with renewable energy sources, such as 
PV panels, to produce the energy required during the year. In cases in which renew-
able energy sources are not able to meet demand, energy is supplied from the grid. 
If there is surplus in the generation, the excess is transferred to the network. The net 
amount of energy transferred from the building to the grid is zero in NZEBs [29]. 
When referring to NZEBs, the term “net zero” is accompanied by the word “build-
ings” [30].

The second probable condition the term “net zero” might refer to is “net zero 
emission (NZE).” Similar to NZEB, NZE means a condition in which the amount of 
emissions released into the atmosphere is equal to the amount of emissions removed. 
In order to remove emissions, a variety of solutions can be employed. For instance, 
CO2 emissions in the atmosphere can be removed using trees [31].

Using BIPV/T systems can help achieve both NZEB and NZE goals at the same 
time. The PV panels used in a BIPV/T system represent a type of less fuels like 
natural gas for heat provision. Moreover, using BIPV/T systems means burning less 
fossil fuels in furnaces and thermal power plants.

Among related studies, Uygun et al. [32] evaluated the potential of using BIPV 
systems to achieve NZEB goals in three cities in Turkey: Çanakkale, Antalya, and 
Rize. The EnergyPlus software program was utilized, while the values of the heat-
ing and cooling demand, as well as electricity production, were considered. 
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Fig. 3 The trial-and-error process for finding the temperature and electricity production of 
the system

According to the results, BIPV systems were found to have the potential of meeting 
the demands for all three locations, which lie in coastal regions.

In another investigation, Nallapaneni and Chopra [33] studied the performance 
of algal PV for integration with a building face and fulfilling net zero targets. Hong 
Kong was considered as the case study, and the application in high-rise buildings 
was investigated. A conceptual design was provided, and a sensitivity analysis was 

A. Sohani et al.



103

Begin 

Get the required informa�on (e.g., 
specifica�ons of the building) 

Guess a temperature for the outlet 
air stream 

Determine the heat transfer rate 
between the panel and air steam 

using Eq. (24)

Obtain the convec�ve heat transfer 
coefficient between Tedlar layer and air 

stream 

Determine temperature of layers 

Find the outlet air stream 
temperature from Eq. (25)

Are the guessed and 
found outlet air stream 

temperatures the 
same? 

Use the obtained 
values as the 

new guess 

End 

Yes 

No 

Fig. 4 The trial-and-error process for obtaining the temperature of outlet air stream
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conducted to acquire information about the impact of changing solar radiation on 
system performance. López and Mobiglia [34] chose a heritage building in 
Switzerland and analyzed the feasibility of employing BIPV systems to reach net 
zero and positive zero goals.

For a BIPV system in Montreal, Canada, Yip et al. [35] explored the impacts of 
nine performance criteria, including the shape of the plan, window to wall ratio, and 
tilt angle. The net energy use intensity in a year was chosen as the system perfor-
mance indicator. According to the results, the impact of some parameters, such as 
orientation, was higher than that of others. Another investigation with almost the 
same research team was conducted in [36].

In addition to the abovementioned studies, in which the net zero concept has 
been studied directly, a number of other studies have investigated it indirectly. The 
word indirect refers to investigating the energy and environmental criteria of the 
system and finding ways for enhancing them, usually by either multi-objective opti-
mization or a parametric study. For instance, Sohani et al. [37] determined the best 
value of phase change material for integration with a BIPV/T system in Tehran, 
Iran, by taking a number of objective functions, including environmental and energy 
ones. The energy generated by the system throughout the year was representative of 
the energy side, while CO2 saving was considered by taking the environmental 
impact into account. A novel optimization method called the dynamic multi- 
objective optimization approach was employed to gain a better outcome.

Multi-objective optimization was also utilized by Wijeratne et al. [38] with the 
aim of identifying the best condition for roof sheets and skylights in a BIPV system. 
The study introduced 7 and 14 solutions for the two aforementioned characteristics, 
respectively, in the form of non-dominated answers. A passive intelligence concept 
was proposed by Yoo [5] for a BIPV system, to harvest more irradiance from the 
sun, as well. According to the paper’s discussion, it had a better energy perfor-
mance, producing more electricity, and was able to reduce the cooling load 
significantly.

In addition to the research works already mentioned, a number of review studies 
have also been published during the past years on the topic of achieving net zero 
goals. Those of Gholami et al. [20], Rosa [39], Awuku et al. [40], Pugsley et al. [41], 
Ghosh [14], and Wei and Skye [42] can be given as examples.

 Conclusion

This work has provided an overview of using both the BIPV and BIPV/T systems to 
achieve net zero targets. For this purpose, in addition to introducing the BIPV/T 
concept and the simulation method under both free and forced convection condi-
tions, a number of recent studies have been reviewed in the field of both BIPV and 
BIPV/T technologies. As noted in our discussion, in a number of research works, 
sensitivity analysis or a parametric study has been conducted to find the impact of 
different performance indicators. In another group, different locations have been 
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considered to identify more suitable places for applying BIPV and BIPV/T tech-
nologies. In addition to the indicated groups, there has been one more category in 
which multi-objective optimization was conducted to acquire the foremost condi-
tion for the system decision variables.

According to our discussion, both paths can be recommended for future research. 
One is to consider both NZEB and NZE targets as suitable for study, with the addi-
tion of economic perspectives, like the reduction in levelized cost of energy (LCOE) 
for renewable energies, to give a broader horizon. Another idea is to employ 
decision- making tools like AHP, LINMAP, and TOPSIS to consider the priorities of 
policy-makers and customers and not give the same importance to other perfor-
mance criteria, which is the current approach studies take.
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Simulated Versus Monitored Building 
Behaviours: Sample Demo Applications 
of a Perfomance Gap Detection Tool 
in a Northern Italian Climate

Giacomo Chiesa, Francesca Fasano, and Paolo Grasso

 Introduction

Sustainable and green energy solutions are progressively growing in consideration 
in the building sector for both new and retrofitted designs and actions. At a European 
level, the introduction of the EPBD (Energy Performance of Buildings Directive), 
since its initial 2002/91 version, has progressively supported Member States in 
introducing and/or upgrading energy and building regulations including the defini-
tion of minimal standards, e.g. U-values, supporting a progressive increase of the 
energy efficiency of the building stock. Furthermore, the EPBD is not a rigid instru-
ment, since it has been improved over time, including the EPBD recast 2010 version 
and the 2018 one. Recently, the EU (European Union) funded a series of specific 
H2020 projects to support the ‘next-generation of Energy Performance Assessment 
and Certification’ approaches under the call LS-SC3-EE-5-2018-2019-2020. 
Among these projects, the E-DYCE (Energy Flexible Dynamic Building 
Certification) project [1] identified five main open issues connected to EBPD topics. 
These issues include [2] (i) free-running and passive technologies, (ii) smart readi-
ness vision, (iii) energy metering and district network communication, (iv) dynamic 
hourly models and performance gap, and (v) renovation and operational roadmap. 
This paper outlines some initial outcomes of the E-DYCE project related to above- 
mentioned issues i, ii and iv are focussing on two demonstrative buildings localized 
in Northwest Italy and illustrating a new approach for performance gap detection in 
semi-real time using a dynamic simulation platform which is under development by 
the authors.
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 Chapter Objectives and Contents

As mentioned above, this chapter focusses on illustrating initial results of the appli-
cation of a new underdevelopment dynamic simulation platform to detect building 
performance gap comparing simulated and monitored building behaviours under 
free-running conditions. Simulated buildings are based on verified models, while 
the simulation’s operational inputs for performance gap are inputted by current 
standards, e.g. EN 16798-1:2019 [3]. Monitored data are based on a smart cloud- 
connected monitoring system, while weather data are retrieved from a cloud- 
connected meteorological station installed for the project. Tests were performed 
during the extended summer of 2021, also considering transitional periods from the 
late-spring to the beginning of autumn – from May to October. Additionally, the 
above-mentioned dynamic simulation platform is based on a Python tool named 
PREDYCE (Python semi-Realtime Energy DYnamics and Climate Evaluation) that 
is under implementation on the basis of different development actions, including the 
‘DYCE’ action, based on the mentioned E-DYCE project, and a ‘PRE’ action, based 
on another project and adding  additional functionalities. The ‘DYCE’ action 
includes a larger set of actions with respect to those presented in this chapter. The 
platform is based on EnergyPlus [4] that, among building energy dynamic simula-
tion engines, is one of the most widely used and recognized [5]: its white box model 
algorithm to model building dynamics can give very accurate results in terms of 
both consumption and environmental variable trends, considering it is also used to 
support the validity of other software used for energy labelling, e.g [6]. This moti-
vates the use of EnergyPlus in this chapter to detect the performance gap between 
simulated and monitored building behaviours and the increasing interest for both 
professionals and researchers in the past few years in developing libraries and tools 
supporting EnergyPlus input model editing and output analysis in a parametric and 
automatic vision, e.g [7, 8]. This chapter focusses on PREDYCE application sce-
narios that treat simulation and monitoring results together; see also section 
“Methodology and PREDYCE”. The chapter is organized as follows: Section 
“Methodology and PREDYCE” shortly introduces the mentioned PREDYCE tool 
focussing on the ‘DYCE’ developing action contents and details the methodological 
pipeline used in this chapter. Section “Demo Building Applications and Results” 
focusses on two real-project demo applications of this methodology including 
model verification results and performance gap detection samples. Finally, Section 
“Conclusions” shortly concludes the chapter by mentioning main results, limita-
tions, and future planned development steps.
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 Methodology and PREDYCE

 PREDYCE Introduction and Use Scenarios

PREDYCE is a newly developed Python library composed of three main modules 
able to manage EnergyPlus input files (IDFs) in a parametric and automatic mode, 
executing multiple parallel simulation runs and handling the obtained results. 
Moreover, additional modules have been developed to manage other important 
aspects linked to EnergyPlus simulations, e.g. to compile EPW input weather files 
starting from monitored data from weather stations. A detailed PREDYCE library 
scheme is illustrated in [9] and in [10, 11]: its architecture is based on the previously 
mentioned main modules, i.e. (i) an IDF editor module, (ii) an EnergyPlus running 
module, and (iii) a KPI calculator module. Each module has been built to work 
harmoniously with the others but also independently in tailored scripts, thus guar-
anteeing high flexibility and modularity in terms of, for example, data sources for a 
KPI calculator module, whose input can accept both simulation results and struc-
tured monitored data, allowing the development and testing of new methodologies. 
Similarly, the IDF automatic editing module is able to modify numerous building 
aspects such as activities, simplified HVAC systems, and envelope materials. The 
provided set of Python methods for IDF editing and KPIs computation, combined 
with the integrated EnergyPlus launcher, can help in performing different tasks like 
sensitivity analysis, retrofitting suggestions, performance gap analysis, or model 
verification, either automatically or semi-automatically.

The different tasks, which exploit all PREDYCE functionalities, are organized in 
separate scripts (herein referred to as use scenarios), easily executable by command 
line or also through a dedicated web service. Thanks to future actions, each script 
could be treated as a pre-built use scenario through a common application. In par-
ticular, the basic PREDYCE scenario is devoted to perform sensitivity analysis 
allowing parametrization of numerous building characteristics and computation of 
many possible KPIs according to the most recent European standards. Based on this 
more general use scenario, two other scenarios have been developed to introduce 
monitored data in the automatic loop: one is devoted to help in model verification 
phases, while the other aims to compare KPIs computed on calibrated building 
models and on monitored data, in order to highlight potential gaps in performance. 
Each scenario takes in input files and generates output files that are structured in the 
same way, as shown in Fig. 1. In particular, the main inputs are the building model 
in IDF format and the weather data in EPW format, which are needed to feed an 
EnergyPlus simulation; an input JSON file used to personalize the parametric 
request and apply preliminary modifications to the building model if needed; and 
finally, a CSV of environmental monitored data if required by the chosen applica-
tion scenario, e.g. the performance gap one. Main outputs, instead, include a CSV 
file named data_res containing aggregated KPI results for the considered time 
period; a CSV file named data_res_timeseries containing timeseries KPI results 
with definable timestep resolution (hourly by default) for each performed 

Simulated Versus Monitored Building Behaviours: Sample Demo Applications…



112

Fig. 1 PREDYCE scenario generic input/output workflow

Fig. 2 Example of input JSON file for PREDYCE

simulation; and finally, plots (e.g. carpet plots, energy signature) allowing us to 
deepen the meaning of KPIs.

Figure 2 shows a simple example of a standard PREDYCE JSON input file, in 
order to explain its structure and general potential. It is made by keywords, which 
are later used by the scenario scripts to understand how to execute a simulation, and 
values, which can contain names of IDF objects to be added or modified in the 
model or values to be set. IDF editing actions, in accordance with specific materials 
or object names, are made possible by the presence of internal databases of IDF 
objects that are hidden to the final user. Looking at the main keywords in Fig. 2, the 
building name is the name of the main block of the IDF which is utilized by the tool 
to know which zone elements need to be edited and then perform calculations on it; 
the preliminary actions are the actions which are executed only once before running 
the simulations such that all simulated buildings have in common the same modifi-
cations listed in this section (e.g. changing the run period or also activating/deacti-
vating the HVAC system); the actions are the parametric modifications that have to 
be applied to the building (e.g. changing infiltration through windows or adding an 
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insulation layer to the ceiling, eventually filtering based on the building’s thermal 
zones); and finally, the KPI section includes the key performance indicators that are 
computed at the end of each simulation (in the example, Q_c and Q_h are the pri-
mary energy needs for cooling and heating in the building).

Considering the PREDYCE scenarios that involve comparisons between moni-
tored and simulated data, a structured nomenclature of both sensors located in the 
building and the IDF model thermal zones is necessary to obtain a correct and auto-
matic spatial association within the tool without the need of an intermediate transla-
tor, such that spatial aggregations for KPI analysis correspond. Consequently, the 
following nomenclature has been adopted for sensors: building name_block name_
thermal zone name_sensor identifier_type of variable. The naming part preceding 
the sensor identifier (e.g. MAC address) follows the IDF model naming structure, 
which always includes the building name, the block name, and the thermal zone 
name. To apply this nomenclature, the mentioned naming scheme must be used both 
within the building model  – when initially creating it through an interface, e.g. 
DesignBuilder or OpenStudio – and on sensor ID. This coherence allows a strict 
spatial correspondence, making it possible to aggregate analyses and results at both 
the building and block level. Moreover, at the end of the naming structure, the name 
of the measured variable must be included. The variable name is then used inside 
each KPI calculator methodology to recognize which CSV columns need to be 
included in the computation. The proposed scheme leaves freedom to build the IDF 
model as desired (e.g. following a multi-zone or a mono-zone approach), allowing 
different thermal zone aggregations, without impacting the matching. In this chap-
ter, two sample applications of both the performance gap scenario and the model 
verification scenario are shown assuming preliminary data of two demonstration 
buildings of the E-DYCE project; see section “Demo Building Applications and 
Results”.

 PREDYCE Model Verification Scenario

The PREDYCE semi-automatic model verification scenario has been used previ-
ously to the performance gap scenario execution in order to adjust the considered 
building models to the real indoor air temperature trend, speeding up the manual 
procedures usually adopted for this purpose. Temperature is adopted as a target veri-
fication variable, given that this chapter focused on summer free-running condi-
tions. The following IDF editing values were varied to try aligning the simulated 
trend to actual building behaviour: U-value of the walls and roof; U-value and 
SHGC (solar heat gain coefficient) of the windows; internal mass and equipment 
gains in each thermal zone; and ACH (air changes per hour) ventilation and infiltra-
tion. Model verification is made possible by PREDYCE’s ability to handle both 
simulation results and monitored data. The adopted model verification methodology 
is inspired by [12] and consists in optimizing a combined error measure which 
includes RMSE (root mean square error) and MBE (mean bias error) (see Eq. (1)) 
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on a given variable or combination of variables, which is in this case represented by 
the indoor dry bulb temperature.

 Error RMSE MBEtot � �2 2

 (1)

The calibration signature described in [12] is computed according to Eq. (2), con-
sidering indoor dry bulb temperature an objective variable.
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The different IDF editing actions allow the user to shift the curve (e.g. acting on 
ACH, equipment gains), change coefficient and inclination, and modify amplitude 
variations – e.g. acting on internal mass – thus reaching a flat line within a 5% error 
range, which corresponds to reference suggestions for model calibration (see also 
ASHRAE Guideline 14-2014 for calibration criteria) [13]. Figure 3 shows an exam-
ple of calibration signature plots before and after the calibration of one of the con-
sidered buildings.

The model verification scenario is currently considered to be semi-automatic 
since. In order to minimize the number of performed simulations, it requires obser-
vation of calibration signature plots and at the CSV of aggregated total error results 
to better choose which parameters to vary and in which ranges. This procedure may 
be further automatized in future actions, but the current potential of PREDYCE to 
simultaneously test multiple building parameters and automatically edit the model 
provides a considerable improvement in terms of effort and time with respect to 
traditional manual procedures, taking few hours to reach results such as the one 
shown in Fig. 3.

Fig. 3 Example of calibration signatures: (a) starting point and (b) after model verification on the 
residential demo building
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 PREDYCE Performance Gap Scenario

After the model verification phase, updated IDF files are saved as new simulation 
starting points, and the PREDYCE performance gap scenario is run on the two sam-
ple demo cases, considering different building settings. Figure 4 shows the perfor-
mance gap scenario input/output workflow: among main inputs there is the CSV file 
containing monitored environmental data; the EPW file that should be also built 
from monitored data, necessarily an actual weather file; and the input JSON file 
which allows the user to define schedules, setpoints, and other building activities- 
related fields as simulation parameters in order to test the parameter impact on the 
gap against actual behaviour. Moreover, an optional weather input in CSV format is 
also available, giving the possibility to exploit EPW compiler module functional-
ities within PREDYCE instead of providing a previously built EPW: in this case, 
weather station coordinates should be passed through the input JSON file, such that 
eventually missing weather variables can be computed by the compiler exploiting 
well-known meteorological formulas. Outputs are instead composed by a zip folder 
containing the CSV file of aggregated results in which each row represents a con-
sidered EnergyPlus run (e.g. the different simulation settings recognizable by key-
words simulated_x, monitored condition, and finally the delta between monitored 
KPI and simulated_x KPI), the CSV file containing timeseries KPIs with default 
hourly resolution for both monitored, simulated and delta KPIs (computed as moni-
tored minus simulated results), and finally the optionally required plots.

The input JSON file is used to define both standard and standard modified condi-
tions in which the building model is simulated: particularly, standard modified mod-
els were adapted considering a more realistic building usage concerning occupancy, 
ventilation, and schedules by taking advantage of an inspection-based approach, 
e.g. see [14]. Moreover, the KPIs to be computed are listed in the input file. In par-
ticular, since it focuses on free-running building conditions, distribution of 

Fig. 4 PREDYCE performance gap scenario input/output workflow
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datapoints in adaptive comfort model (ACM) categories is calculated assuming the 
adaptive thermal comfort model of EN 16798-1:2019 [3]. Additionally, the percent-
age outside the range (POR) is calculated, returning the percentage of cumulated 
hours when thermal comfort is not reached, considering them discomfort hours out-
side cat. II boundaries. Moreover, CO2 concentration is considered one of the main 
symptoms of under- and overventilation, returning the number of hours above the 
threshold of 1000 ppm and under the threshold of 600 ppm, as suggested in Ref. 
[15]. Besides aggregated KPI results – which are computed on a weekly basis in 
order to recurringly inform users – when data are not too old to be detached from 
operational choices while sufficient to describe building phenomena, even time-
series results are returned for CO2 and indoor dry bulb temperature with an hourly 
timestep, allowing the user to better identify where a potential problem could be 
located.

Figure 5 shows part of the input file used for the performance gap analysis in the 
residential unit: the list of KPIs can be seen, together with the spatial aggregations 
on which each KPI has to be computed (the different activities refer to different 
rooms in the house, while r01 refers to the entire unit); inside the preliminary 
actions field a list of two JSON structures can be seen, the first referring to building 
modifications needed to reach standard conditions, the second to reach standard 
modified usage conditions (e.g. changing ventilation rate or the occupancy). 
Keywords used within the preliminary_actions field refer to methods in the 
PREDYCE IDF editor module, while KPIs name the methods within the PREDYCE 
KPI calculator module.

The described methodology can be summarized by the pipeline shown in Fig. 6, 
including EnergyPlus building model development, model verification adopting 
monitored data, and the PREDYCE scenario of the same name, followed by the 

{
"scenario": "performance_gap",
"building_name": "r01",
"start_date": "2021 10 25",
"end_date": "2021 11 01",
"kpi": {

"adaptive_comfort_model": {}, "n_co2_aIII": {},
"n_co2_bI": {}, "timeseries_t_db_i": {}, "timeseries_co2": {}

},
"aggregations": {

"adaptive_comfort_model": ["act105aa", "act104aa", "act103aa", "r01"],
"timeseries_co2": ["act104aa"],
"n_co2_aIII": ["act104aa"],
"n_co2_bI": ["act104aa"],
"timeseries_t_db_i": ["act105aa", "act104aa", "act103aa", "r01"]

},
"preliminary_actions": [

{"<to_standard>" :{}},
{"change_ach": {

"ach": 3,
"Schedule_Name": "_residenziale 16798 1",
"filter_by": "r0", "relative": false},

"change_occupancy": {"value": 0.011, "filter_by": "r0", "relative": false},
"…" : {}
}]}

Fig. 5 Example of input JSON file
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Fig. 6 The methodological pipeline adopted by this chapter

application of the performance gap PREDYCE scenario adopting standard and stan-
dard modified IDF input data. Standard scenario is based on given EU input data 
from standards and norms, e.g. EN 16798-1:2019, while the standard modified sce-
nario refers to adapted input data upon collecting inspection data from the real 
building including regional and national adaptation, e.g. adapting set points and 
occupation scheduling.

 Demo Building Applications and Results

 Demo Buildings General Description

Two demo buildings are adopted in this chapter to support application testing. Both 
buildings are participating as demonstrations of the EU H2020 project E-DYCE, 
and they represent two different building typologies: a single-family building and a 
public school. These buildings are located in Torre Pellice, a small city located in 
the Turin metropolitan area, in the Pellice Valley, in Northwest Italy. Even if posi-
tioned at the bottom of the valley, the climate is cold and influenced by the Alps. It 
is classified in the Italian climate zone F, reaching 3128 heating degree-days20. 
According to the Italian Presidential Decree n° 412/93 et seq., the climate zone F 
does not have any specific limitations to the heating activation period, although, for 
the purposes of this paper, the heating systems were considered active from 5 
October through 22 April on the basis of interviews. Torre Pellice is a very represen-
tative demo city for small municipalities in Northern Italy and in the Piedmont 
Region, and it is positioned 5357th in terms of population among the 7978 Italian 
municipalities (ISTAT 2018). Nevertheless, with 4545 inhabitants Torre Pellice is in 
line with most small cities, considering that the Italian average is 7980, but the 
median is 2457. The single-family house typology is also very representative as a 
demo case considering that, typically, small cities are mainly composed of small 
houses rather than the multi-block buildings that characterize medium-to-large 
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Fig. 7 The considered residential building: (a) comprehensive view and (b) internal view

Fig. 8 The considered school building: (a) comprehensive view and (b) basement floor

cities; see related ISTAT data. Moreover, the considered municipality school is also 
representative of Italian public school constructions, as it was built in 1975 and 
features reinforced concrete pillars and external walls with a double layer of bricks 
and minor infilled insulation due to the cold climate.

Focussing on the selected buildings, base geometrical models are shown in 
Figs. 7 and 8, showing the residential building and the school building, respectively. 
Considering the single-family house, it has a 93-m2 surface area subdivided into 
three main rooms, two bathrooms, a corridor, and a technical space. The house is on 
a single floor, with a minor change in elevation between the northern – recently 
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adapted to a residential space – and southern part. Considering, instead, the munici-
pality school, it is composed of four floors similarly organized with a long corridor 
on the north façade and teaching areas facing south. Three of the four floors (ground 
to second) are used as a middle school, while the basement floor is used as a kinder-
garten, directly facing an outside recreational area on the north side. Since the 
school is a complex building, characterized by different usages and consequently 
schedules and standard requirements, this chapter only focusses on the kindergarten 
floor. Unlike other floors, the kindergarten is characterized by larger teaching areas: 
in particular, the area at the end of the corridor is used mainly for lunch and as a 
sleeping area in the afternoon, while the two rooms at the beginning of the corridor 
are divided by a movable panel and kept often open as a single, bigger playroom or 
also used partially as a sleeping area; finally, the central room is used for daily 
activities.

Sensors have been installed for environmental data acquisition since April 2021 
and allow temperature monitoring in all rooms, relative humidity in most rooms, 
CO2 in the most representative spaces, and extra parameters in limited rooms, such 
as TVOC and illuminance, although the latter are not investigated in this chapter. 
Sensors and monitoring gateways are based on the Capetti WineCap system [16]. 
The solution allows to access monitored data remotely and in almost real time by 
developing a SOAP-based API [17] or by using the provided interface. Additionally, 
a meteorological station has been installed in order to collect weather variables to 
feed simulation with the same real boundary conditions of monitored data. The sta-
tion includes a Thies US climate sensor that monitors temperature, relative humid-
ity, wind (direction and velocity), precipitation data, illuminance, atmospheric 
pressure, and correlated data, plus a delta ohm pyranometer (class 1) for collecting 
global horizontal irradiation. Among split irradiation models, the well-known 
Boland-Ridley-Lauret model [18] has been applied to retrieve diffuse and direct 
components.

 Application of the Model Verification PREDYCE Scenario

Regarding the residential house, the month of June 2021 was chosen as model veri-
fication time period, without having any information of actual house occupancy but 
assuming it was occupied.

Figure 9 compares initial and verified model results vs. monitored data (mea-
sured) of the single-family house case. The two graphs clearly demonstrate that the 
model verification scenario may support an improvement in building behaviours 
with respect to monitored data thanks to the adaptation of boundary modelling con-
ditions. Figure 10 plots monitored and simulated internal temperatures (building 
average values of both sensors and simulated thermal zones) considering initial and 
verified models. These graphs help to better understand improvements in the model 
supported by the PREDYCE tool. Generally speaking, these changes are obtained 
by manually performing several simulations, i.e. via an EnergyPlus interface, but 
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Fig. 9 Indoor temperature measured vs monitored before and after residential house calibra-
tion process

Fig. 10 Indoor temperature trend over time before and after residential house calibration process

the new developed tool allows to automatically compare the two series (without 
requiring post-production) and to support automatic changes of IDF parameters in 
given ranges, avoiding to manually perform this task. It is hence possible to verify 
models in a quicker and more productive way by testing both statistical discrepan-
cies between simulated and monitored data and potentially also analysing the impact 
of different parameters on these differences. As it is visible from Fig. 10, at the end 
of the month larger discrepancies occur between verified model and monitored data. 
Consequently, a drastic change in building usage can be supposed in those days, for 
example, because of the beginning of a holiday period with consequent occupancy 
and ventilation going to zero values.

The peculiar construction of the house, made of a newly renovated area and an 
older uninsulated part, increased the complexity of the process, since both boundary 
walls and ceiling for the two areas were calibrated as separate parameters, e.g. con-
cerning vertical walls, the best-found values led to a reduction of the model U-value 
by 90% in the renovated insulated part of the house and an increase of 15% in the 
old non-renovated area. To reduce the amplitude of differences in temperature 
between monitored and simulated data, the most effective action was the increase of 
internal mass, probably because of the massive structure of the mountain house 
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Fig. 11 Kindergarten calibration signatures, before and after the calibration process

considered old. Even internal gains increased, while infiltration through windows 
drastically dropped. The obtained values are consistent with the building materials 
and technical elements identified during the inspection phase that followed this 
analysis.

Regarding the kindergarten building model verification, the chosen time period 
was from 21 June to 21 July 2021, corresponding to the school closure. Consequently, 
ventilation was considered inactive and was not used as a variable in the calibration 
process.

Figure 11 compares original and verified model calibration signatures. Even in 
this case, the original model shows evident discrepancies, while the verified model 
presents an error perfectly fitting suggested calibration error thresholds; see 
ASHRAE Guideline 14-2014. Original errors in calibration signatures shifts from a 
[−2 to −15] range to a [+4, −4] one. The other two following graphs (see Fig. 12) 
plot internal temperatures over time including in the same graph monitored and 
simulated results. The latter model (verified) shows a very good correlation and is 
able to represent real building behaviours under actual weather conditions. The best 
values found allowed an increase in the U-value of the walls to 1.25 W/(m2 K), 
coherently with results found during a subsequent inspection. Roof U-value, instead, 
fell from 1.79  W/(m2 K) to 1.2  W/(m2 K), and infiltration through windows 
increased. Also, internal mass increased by 20%, while internal equipment gains 
dropped.

 Application of the PREDYCE Performance Gap Scenario

 Standard and Standard Modified Scenarios

The verified models retrieved in the previous section “Application of the Model 
Verification PREDYCE Scenario” are adopted here to run the PREDYCE perfor-
mance gap scenario. The input JSON file is used to impose to the models (i) 
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Fig. 12 Indoor temperature trend over time before and after the kindergarten calibration process

standard settings according to Annex C of EN ISO 16798-1:2019, overwriting cer-
tain values previously calibrated (e.g. ventilation rate), and (ii) standard modified 
settings, considering a more realistic building use defined after an inspection. 
Regarding the residential case, considering its dimension and adjacency (despite 
through only one wall and floors) to other residential units, the ‘residential apart-
ment standard case’ of the EN 16798 standard was considered. Concerning internal 
gains, 28.3 m2/person are used as a standard, while in the standard modified case, 
the knowledge that the house is inhabited by only one person is used, leading to the 
total 93 m2/person. With the units being scheduled for occupancy, appliances and 
lighting are not modified in the standard modified setting with respect to the stan-
dard, since the house is not actually used with a specific home-office pattern, and it 
was not possible to structure a proper schedule. Ventilation in standard modified 
conditions was increased from the 0.5  l/(m2/s) considered as the standard with 3 
ACH (air changes per hour), a high value able to perform ventilative cooling, since 
during the inspection a high usage of natural ventilation during the summertime was 
underlined.

Concerning, instead, the kindergarten, standard conditions consider a continuous 
building usage over the year without including any holiday: weekends are consid-
ered unoccupied, while a typical weekday is considered occupied from 7 a.m. to 
7 p.m., for a total of 12 h per day. Regarding internal gains, 3.8 m2/person are con-
sidered to lead to 4.92 l/(m2/h) as a CO2 generation rate. Standard air flow for ven-
tilation is supposed to be 4.5 l/(m2/s), and the outdoor temperature setpoint for its 
activation was set to 17.5 °C, corresponding to the standard heating setpoint. Those 
values were modified considering a more realistic building usage in the considered 
kindergarten: schedules were changed, since around 16:30 all children leave the 
school and no after-school service is provided in the rooms; also, holidays were 
considered assuming the traditional Italian calendar. Moreover, child presence in 
the main activity areas was reduced with respect to the standard, considering that 
some of them go home after lunch and that even the outside area is used, reducing 
the overall indoor presence. Also, ventilation was increased to 2 ACH always active, 
considering the COVID-19 government advice to keep windows open as much as 
possible.
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Fig. 13 CO2 KPIs in residential unit kitchen and living room area representing the difference in 
number of hours between the simulated (standard = 1; standard modified = 2) and monitored val-
ues. The graph on the left shows hours above 1000 ppm, while the graph on the right the number 
of hours below 600 ppm

 Performance Gap Results

Concerning the residential unit, a single CO2 sensor was installed in a room used 
both as a kitchen and living room; thus the CO2 analysis was performed for this 
specific room, called act104aa. Figure 13 shows weekly aggregated results of num-
bers of hours below the threshold of 600 ppm and above 1000 ppm. Since the per-
formance gap with the standard simulated buildings is negative, it means that there 
are more hours above 1000  ppm of CO2 concentration with a standard building 
behaviour than considering the actual one, except in the beginning of the autumn 
season. Oppositely, the number of hours below the 600-ppm threshold is greater in 
the actual monitored behaviour than the standard one. However, it can be seen that, 
especially from the late spring to the early autumn, the standard modified behaviour 
results were much more similar to the actual ones than the standard ones, which 
show a greater gap. This means that the ventilation was probably higher than in 
colder weeks, with the occupant behaviour causing ventilative cooling, while in 
later weeks the cold season implied a different usage of window openings to prevent 
heat dissipation, i.e. the difference between the standard modified and real behav-
iour become negative for hours below 600 ppm.

Looking at the timeseries of CO2 in the room (Fig. 14), it can be seen that moni-
tored data follows a random behaviour, which is difficultly represented by simulated 
trends that follow a fixed schedule in each weekday. Consequently, aggregated 
results are more useful to highlight potential behavioural gaps in the residential unit. 
Moreover, looking at the graph on the right in Fig. 14, it can be seen that in late June 
monitored data flattened, reinforcing the hypothesis of a holiday made upon observ-
ing the model verification results in Fig. 10.

Figure 15, instead, shows differences in weekly hour distribution in ACM cate-
gories, giving an idea of indoor thermal comfort monitored with respect to standard 
conditions. Unshown categories resulted to be empty for both simulated and moni-
tored data, meaning that the residential unit is maintained quite cold in the whole 
period considered. Particularly, monitored data turn out to be, on average, colder 
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Fig. 14 Timeseries CO2 values in residential unit kitchen and living room area for different periods

Fig. 15 Distribution of hours in ACM categories, averaged on all residential unit zones

than what is expected in standard conditions, except for the first weeks in May, 
when there are more simulated hours below comfort cat. III than monitored ones.

Looking at indoor temperature trend over time, the average behaviour shown in 
Fig. 16 is quite different depending on specific thermal zones, as shown in Fig. 17 
(the kitchen) and in Fig. 18 (the second living room located in the newly renovated 
part of the building). In fact, despite the average monitored behaviour is almost in 
line with both standard and standard modified simulated conditions, the kitchen 
area shows several peaks at a higher temperature during the entire month of May 
and then gradually flattening at the end of the month. The newly renovated area, 
instead, shows a colder trend with respect to simulated standard conditions, but 
quite in line with the standard modified in which occupancy is more realistically set. 
Kitchen peaks are explainable because of a wood stove located in the room, which 
was used despite the end of the heating season to face the last colder weeks of the 
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Fig. 16 Timeseries of average air temperature values in all residential unit zones

Fig. 17 Timeseries air temperature values in residential unit kitchen (left) and second living room 
area (right)

Fig. 18 Timeseries air temperature values in newly renovated residential zone

year. However, the more the other rooms are far from the kitchen, the less they can 
benefit from the impact of the stove, resulting in colder monitored data even with 
respect to the standard. The same observations can be made by looking at the POR 
in Fig. 19, considering both the kitchen and the zone average: during the first simu-
lated weeks in May, simulated behaviour is worse than monitored behaviour, espe-
cially in the kitchen, where a higher temperature is maintained, and then during the 
proper summer season comfort is maintained with almost all hours in cat. II, result-
ing in POR = 0. Finally, with the beginning of the autumn season, simulated behav-
iour was recorded to be slightly better than monitored, perhaps because – waiting 
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Fig. 19 ACM POR in the kitchen/living room (left) and average in all residential unit zones (right)

Fig. 20 Timeseries CO2 values in kindergarten act201aa thermal zone

for the beginning of the heating period – the stove was not used even in the first, 
colder days.

Concerning the kindergarten results, Figs. 20, 21, and 22 show CO2 trends over 
time in the three main activity areas of the floor (act201aa/ab/ac) during 4 weeks in 
May and June 2021. The three rooms show a more regular behaviour with respect to 
the residential case, because of the cyclic schedule followed by children in the 
rooms. However, the three areas show quite different trends, underlining the need to 
analyse different spatial aggregations to investigate the average behaviour that could 
be affected by room values distribution and to better localize potential problems. 
Particularly, the three rooms seem to be used in different moments of the day, sug-
gesting the need of even more detailed schedules to better simulate a standard modi-
fied behaviour. Act201aa is mainly used in the afternoon, which corresponds to 
lunchtime and the afternoon nap. Differently, act201ab is mostly used in the 
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Fig. 21 Timeseries CO2 values in kindergarten act201ab thermal zone

Fig. 22 Timeseries CO2 values in kindergarten act201ac thermal zone

morning, while act201ac usually shows two peaks, one in the morning and the other 
in the afternoon, corresponding to the double use as playroom in the morning and 
sleeping area in the afternoon. Peaks of CO2 concentration seem to increase towards 
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Fig. 23 CO2 KPIs aggregate results of all kindergarten teaching areas

the warmer summer periods, as if natural ventilation were drastically decreased not 
to overheat the rooms in the afternoon or reduce airflows or noise during the nap. 
Moreover, unlike the first weeks of May, when CO2 trends seem to reach 1000 ppm 
peaks given the outdoor temperature is still too cold to allow high ventilation rates, 
in late May all rooms show lower CO2 peaks, usually below 700 ppm, suggesting an 
increased natural ventilation usage. In general, CO2 peaks can be affected by the 
unnatural ventilation approach forced by covid-19 rules, which can lead to the 
opposite undesired result of overventilating an area. The latter risk is mainly impact-
ing during the winter months due to higher heating requirements but may also lead 
to unwanted draft during nap time.

In fact, looking at aggregated weekly results in Fig. 23, both standard and stan-
dard modified building simulation settings tend to overestimate the number of 
weekly hours above the threshold of 1000 ppm despite the performance gap is lower 
with respect to standard modified behaviour, because of the adapted occupancy 
schedule which avoids a late-afternoon CO2 drop and a natural ventilation strategy. 
For the same reason, the number of hours below the threshold of 600 ppm is greater 
in the monitored data. Particularly, standard behaviour looks more incongruous 
with the standard modified than actual monitored behaviour, because of the better 
balance between occupancy and ventilation and, especially in the summer weeks, 
the appropriate holiday schedules.

Similar observations can be made also by looking at each room’s temperature 
trend. Particularly, Fig. 24 shows the average teaching area temperature in the same 
weeks analysed for CO2 concentration. During the month of May, monitored data 
show very low temperatures due to the end of the heating season and to the still cold 
outdoor temperature. Overventilative tendencies could explain the very low peaks 
in early morning that can reach 15 °C. In June, instead, monitored indoor tempera-
ture gets closer to the simulated standard profile, suggesting that the adopted venti-
lative strategies are also closer to the standard ones. Standard and standard modified 
behaviours turn out to be very similar in terms of temperature trends, given the input 
differences are also limited with respect to the residential demo case.

The same results can also be highlighted by the weekly aggregated results for the 
considered time period. Figure 25 shows the distribution of the identified gaps in 
ACM categories, together with the POR.  Since the POR shows mainly positive 
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Fig. 24 Timeseries of average air temperature values in all kindergarten teaching areas

results, it means that overall, the kindergarten behaved slightly worse than expected 
in standard conditions. Particularly, standard behaviours show more hours in adap-
tive thermal comfort categories I, II up, and III up, while monitored data tend to 
represent colder temperatures with more data in categories II, III down, and even 
below cat. III. A similar behaviour can be seen in the central summer weeks, espe-
cially in late June and early September, when monitored data are more present in 
cat. I, while standard behaviours tend to show hotter temperatures than the actual 
building trend. The central summer weeks, instead, in July and August, are affected 
by an incorrect standard occupancy, which does not consider holidays.

Considering that the two considered buildings are located in a mountain region, 
the main problem to reach the best free-running mode in terms of both thermal 
comfort and indoor air quality was recorded to be, even in the late spring and late 
summer, finding a good balance between natural ventilation strategies and conse-
quent natural cooling. Especially in the school, the application of a non-optimized 
ventilation strategy could result in very cold days and even in increased heating 
consumption in the corresponding season. Results show that, despite trying to apply 
the best strategies to maintain indoor thermal comfort and air changes (also consid-
ering the pandemic), it is difficult without the aid of visual supports and eventual 
suggestions to understand when the pollutant concentration is increasing above a 
certain level and when it is low enough to not require additional ventilation. Also, 
this suggests that mechanical ventilation machines could be of great aid in maintain-
ing indoor comfort in a school building, especially during colder hours and periods, 
when overcooling may represent a risk. For this reason, three mechanical ventila-
tion units have been recently installed in another floor of the school building to 
support further tests and verifications.
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Fig. 25 Average distribution of hours in ACM categories and POR in all kindergarten teach-
ing areas
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Results also showed the relevance of both aggregated and timeseries data in 
understanding potential problems inside the considered space: aggregated results 
are indispensable in case of random trends, much like the CO2 concentration in the 
residential unit, while timeseries data resulted to be of great aid in understanding the 
more regular school behaviour. Also, considering different levels of spatial aggrega-
tion, such as specific rooms or thematic areas (e.g. all the teaching areas together), 
resulted to be useful in understanding localized problems that could disappear in an 
average behaviour. Furthermore, the adoption of single zone-specific analyses may 
help to underline and justify peculiar effects like those given by the wood stove in 
the residential unit.

 Conclusions

The chapter describes initial applications of a new Python library tool able to man-
age EnergyPlus simulations for different purposes. The current version of the 
PREDYCE tool is described by detailing the needed inputs and potential outputs of 
its main scenarios with special regards to the model verification scenario, able to 
support calibration processes comparing monitored and simulated building data 
and allowing parametric changes to suggest model error reduction. Furthermore, 
the performance gap scenario is described to support the identification till real time 
of discrepancies between monitored and model/simulated building KPIs. The 
methodology is applied to real demonstration buildings, showing how the pro-
posed pipeline may be used in practice. Results clearly show the potential of the 
new underdevelopment tool, suggesting several development lines, including the 
integration on a large building management middleware to support multi-data 
source integration, taking advantage of the PREDYCE simulation flexibility. This 
work is part of a larger project that aims to suggest new paths and issues for the 
next generation of building energy performance certification visions. Currently, 
PREDYCE faces some limitations: it is developed to work with EnergyPlus ver-
sion 8.9 (8.x in general), although it may be upgraded to v9.x in future. Additionally, 
the run of several simulations may benefit from a server facility but may be easily 
managed through remote REST API services or future middleware solutions. 
Finally, larger tests on additional demos, considering different building typologies, 
climates, and national backgrounds, are planned to be performed throughout the 
coming months.
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Dynamic Simulations of High-Energy 
Performance Buildings: The Role 
of Climatic Data and the Consideration 
of Climate Change

Stella Tsoka

 Introduction

During the last decades, there is a growing concern towards the reduction of build-
ings’ energy needs for heating and cooling purposes; given that residential and com-
mercial buildings account for the 40% of the final energy use in European Union, 
the recent Energy Performance Buildings Directive 2010/31/EC [1] has obliged all 
members of the EU to adopt many measures orientated towards innovations and 
practices to respond to the growing energy demand of the building sector. In paral-
lel, the Directive imposed regulations foreseeing minimum energy performance 
requirements for new and existing building under major renovation, both for the 
residential and the tertiary sector. Considering the rising concerns about the exces-
sive energy consumption and its negative impact on the environment due to high 
CO2 emissions, there is an increasing interest in the direction of more accurate 
building energy performance estimations as well as the establishment of energy sav-
ing strategies [2].

In this vein, over the past 50 years, remarkable research has been performed, and 
several methods of different levels of complexity have been established for the esti-
mation of buildings’ energy requirements. The significant computational advances 
of the last 50 years have contributed on the development of the dynamic building 
energy performance simulation models (BEPS) for the detailed analysis of the 
buildings’ thermal behavior. The application of such tools enables the assessment of 
the energy performance of a building based on the location, the construction type, 
the internal gains, the occupancy schedules, and the weather parameters at study 
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area [3]. Undeniably, their application on the analysis of the buildings’ energy per-
formance instead of models that are based on the simplified procedure of the EN 
ISO 13790 [4] or the degree-day method/degree-hour method [5, 6] is an important 
step towards the acquisition of more reliable estimates of the buildings energy per-
formance. To date, the most commonly applied building energy simulation pro-
grams [7, 8] are (a) the DOE-2 [9, 10], (b) the TRNSYS [11, 12], (c) the ESP-r [13], 
and (d) the EnergyPlus [14, 15]. Each one of the abovementioned tools has specific 
capabilities and features, a detailed discussion of which is performed in a recent 
scientific review of Coakley et al. [7]. In all the respective models, the major simula-
tion input data involve (a) the hourly weather dataset, reflecting the climatic condi-
tions of the location of the study area to which the examined building is subjected, 
(b) the occupancy schedules, (c) the internal gains by electrical equipment, occu-
pancy, and lighting, (d) the ventilation and infiltration flow rates, (e) the temperature 
set points inside the building zones, and (f) the geometrical model of the building 
along with the thermal and optical properties of the building elements.

Generally, when configuring the energy performance simulations, the attention is 
primarily given on the accurate representation of the building model and the precise 
definition of the operation schedules including lighting, equipment, thermostatic 
control, ventilation, and occupancy; several studies have evaluated the effect of the 
occupant’s behavior and the respective occupancy schedules on the obtained energy 
performance simulation results [16–18], whereas others have analyzed the role of 
the energy management systems (EMS) on the estimated buildings’ energy perfor-
mance [19–21]. Yet, as underlined by the IEA Annex 53 [22], the annual weather 
dataset, comprising of 8760 hourly values of various climatic variables such as dry 
bulb temperature, dew point temperature, wind speed, solar radiation, etc., will also 
strongly influence heating and cooling loads calculations, systems’ dimensioning, 
energy production from solar panels, etc. The quality of the introduced climatic data 
is thus of crucial importance when high calculations’ accuracy is required, as in the 
case of the net zero energy buildings.

To date, the traditional techniques that aim to establish typical weather datasets 
for dynamic building energy performance simulations at specific locations (see sec-
tion “Typical Weather Years as an Input Parameter for BEPS”) are mainly based on 
long-term observations issued from weather stations in the peripheral zones of cit-
ies, outside the dense urban centers; as a result, complex interactions between solar 
radiation, wind speed, and the increased urban densities are ignored. The generated 
weather datasets could be thus considered more consistent for energy performance 
calculations of buildings located in new residential areas in the peripheral zones, 
characterized by lower building densities and higher vegetation coverage, rather 
than for dense urban areas [23].

Yet the road towards the precise investigation of the energy demand of high- 
energy performance buildings such as the net zero energy buildings would require a 
holistic selection of suitable weather data that accurately represent the climatic con-
ditions of the area under investigation. Moreover, given that the life cycle of a build-
ing extends to 50–70 years, many scientific studies also underline the necessity to 
consider the climate change effect on energy performance simulations [24]. In other 
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words, the determination of the buildings heating and cooling energy demand 
should entail both the consideration of the urban warming and the urban heat island 
effect and also the higher Tair values due to climate change [25].

Based on the abovementioned remarks, the current chapter aims to systemati-
cally review the results of previous studies that investigate the effect of the hourly 
climatic files, introduced as an input boundary condition on the dynamic building 
energy performance simulation. More precisely, the review focuses on studies that 
have been based (a) on traditional methods for the acquisition of the required 
weather datasets, (b) on methods for the consideration of the site specific microcli-
matic conditions, and (c) on the results of other scientific studies that develop future 
weather datasets for building energy performance simulations, incorporating the 
future climate change.

The chapter is organized in the following way: section “Typical Weather Years as 
an Input Parameter for BEPS” initially describes the main methods for the genera-
tion of the so-called typical weather years (TWY) (or typical weather datasets 
(TWD)) mainly based on the statistical analysis of multiyear climatic records of 
fixed weather stations. The results of previous studies, assessing the variation of the 
annual building energy needs as a function of the provided TWY, are then presented 
and discussed, whereas the last part of the section summarizes the advantages and 
limitations of the use of TWYs for dynamic BEPS. To continue, section “Urban 
Microclimate Data as an Input Parameter for BEPS Simulation” focuses on previ-
ous studies, using local microclimatic data of the area under study as an input 
boundary condition for the dynamic BEPS; the different procedures towards this 
direction are described, along with key issues arising in terms of the dynamic energy 
performance simulation results. Finally, the results of previous studies creating 
future weather datasets and investigating the role of climate change on buildings 
energy demand are described in section “Climate Change and Generation of Future 
Weather Datasets for Dynamic Building Energy Performance Simulations”, while 
section “Synopsis and Conclusions” presents the summary and the conclusions of 
the chapter.

 Typical Weather Years as an Input Parameter for BEPS

As previously mentioned, a key input parameter for buildings dynamic energy per-
formance simulations is the hourly weather file, comprising of 8760 hourly values 
of major climatic variables. Given that weather data can present important interan-
nual variations, several years of climatic records are needed so as to obtain an aver-
age performance [26, 27]; however, long-term real weather data, measured at a 
close distance from the study area, are not always available, and, thus, a typical 
practice for most of the corresponding BEPS models is to adopt the so-called typical 
weather year files (TWY) [28], the creation of which is based on the statistical 
analysis of multiyear observations, issued by weather stations outside the urban 
areas such as airports, university campuses etc. It could be thus claimed that the use 
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of a “typical weather year” files for BEPS has arisen from the need to compromise 
accuracy and computationally efficient simulations. In other words, the TWYs are 
artificial years, generated to be representative of the long-term climatic averages of 
a specific reference location, such as the one of a meteorological station. The “typi-
cal year” is created by defining the 12 most representative months from multiyear 
climatic records. The 12 “typical meteorological months” (TMM) [29], selected 
from different years, are then concatenated so as to form a single year. To date, sev-
eral procedures regarding the generation of typical weather data have been reported 
in the literature, including the “typical meteorological year,” the “test reference 
year,” the “weather year for energy calculation,” and the “example weather year” 
techniques.

 The “Typical Meteorological Year” Technique

One of the most commonly used hourly data format files for BEPS is the typical 
meteorological year format, created by the US National Renewable Energy 
Laboratory in 1978 for 248 locations using long-term observations of solar radia-
tion and weather data from 1952 to 1975 [30]. Later updates, in the early 1990s, 
introduced the TMY2 format derived from measurements during 1961–1990 [31], 
while the current TMY3 datasets cover 1020 sites across the USA using data from 
1976 to 2005 or 1991 to 2005 [32]. The “typical year” is composed of 12 “typical 
meteorological months” (TMM) [29], selected from different years and concate-
nated so as to form a single year. The selection of the 12 TMMs, concatenated so as 
to form a single year, is known as “Sandia method” [33]. It involves a two-step 
procedure, based on nine indices with different weights: daily global radiation, 
daily maximum, minimum and mean air temperature, and relative humidity as well 
as daily maximum and mean wind velocity. During the first stage, five candidate 
months, the cumulative distribution functions of which have the smallest deviation 
from the respective CDF of the long-term distribution, are defined. The comparison 
between short-term and long-term distribution is performed for each month and 
each one of the nine parameters mentioned before, using the Finkelstein and Schafer 
(FS) statistics [34]. The FS statistics are calculated for each month of every year and 
for all nine climatic parameters, and a weighted sum is then produced, with different 
weights attributed to each parameter. In the second stage, the final selection of the 
TMM is performed by examining the months with the lower weighted sums, the 
smaller deviation of the monthly mean, and median from the corresponding long- 
term mean and median [35]. A detailed description of the creating process of a TMY 
is presented in [33].
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 The “Test Reference Year” Technique

A similar compilation procedure, based on long-term measurements (usually 
20 years), is applied for the test reference year (TRY), a technique developed by the 
Chartered Institution of Building Services Engineers (CIBSE) [36]. Finkelstein- 
Schafer statistics are estimated for each month and each climatic variable in order 
to define the typical months which are then aggregated to form a complete year, yet 
there are two major differences with the TMY technique: (a) only the mean value of 
dry bulb temperature, wind speed, and the global solar radiation are taken into 
account, instead of the nine variables considered in the TMY method, and (b) all 
three variables are equally weighted whereas on the TMY technique, the global 
radiation is considered to be more critical, having the highest weight factor.

 The “Weather Year for Energy Calculation” Technique

Another technique for generating typical hourly weather datasets is the weather 
year for energy calculation (WYEC) method, initially proposed by Crow [37]. It 
relies again on the definition of 12 representative months to form a complete year; 
still, there are two major differences in comparison with the previous techniques: 
individual months are only selected if the average monthly dry bulb temperature has 
a difference up to 0.20 °C of the respective long-term monthly average. After the 
initial selection, in case abnormalities or extreme events are found, individual days 
or hours can be adjusted so as for the monthly mean values to come closer to the 
respective long-term values. The complete procedure of creating hourly weather 
values with this technique along with the corresponding further improvements was 
described by [38, 39].

 The “Example Weather Year” Technique

Finally, a different approach is proposed in the example weather year (EWY) 
method, introduced by Holmes et  al. [40]. A complete year is now defined, the 
monthly mean weather values of which contain the least abnormalities in compari-
son with the long-term observations. Thus, a whole representative year instead of 
representative months is sought. More precisely, monthly mean values of global and 
diffuse radiation, daily mean wind speed, mean, maximum and minimum dry bulb 
temperature, and their standard deviation from the long-term mean are estimated. 
The years that contain monthly means that differentiate more than standard devia-
tion from the corresponding long-term mean are rejected, and the last remaining 
year would become the example year chosen [41].
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 Stochastic Generation of Synthetic Weather Years for Building 
Energy Simulation

According to the previous analysis, the creation of typical weather datasets requires 
the statistical analysis of various multiyear climatic records. Nevertheless, as long- 
term, hourly time resolution weather data are rarely available for every site, it is a 
very common practice for engineers to use stochastic weather generators, so as to 
create complete climate datasets for any desired geographic location [42–45]; the 
so-called synthetic weather years [46] can be thus used in areas that long-term 
hourly resolution data are not available. More precisely, stochastic models provide 
the user the possibility (a) to use the software’s database for the TWY generation 
(i.e., long-term measurements in various meteorological stations spread all over the 
world) or (b) to import his own monthly values of the necessary climatic variables, 
such as dry bulb temperature, solar radiation, relative humidity, and wind speed. In 
the latter case, the stochastic generation of each climatic variable is based on ran-
dom choice using its statistical daily and hourly distribution autocorrelation but also 
interactions with the other variables [47]; intermediate data will also have the same 
statistical properties as the monthly imported data, i.e., average value, variance, and 
characteristic sequence [48, 49].

In case the generation of a SWY concerns an unobserved location, the creation 
of the annual weather dataset will be based on long-term data from the nearest 
meteorological stations; more precisely, the observed climatic parameters will be 
interpolated, and the necessary for the building energy simulation time series will 
be generated using the interpolated values of the parameters [50]. As underlined by 
Semenov et  al. [51], stochastic weather generators can only be considered as an 
important scientific tool for creating synthetic time series of weather parameters, 
statistically identical to the observation rather than predictive tools for weather 
forecasting.

To date, several stochastic weather generators for the creation of hourly resolu-
tion annual weather data have been developed. An extended list of relevant tools is 
provided by Skeiker [52]. In the field of building energy analysis, the most com-
monly encountered generators, when conducting the research of relevant scientific 
studies are RUNEOLE [47], UCKP09 [53], ENER-WIN [54], and Meteonorm [48], 
with the latter one being the most widely applied; its database covers more than 
8000 meteorological stations, on the basis of which, interpolation models can pro-
vide climatic results at any location worldwide. Apart from the climate database and 
the spatial interpolation tool, the model also consists a stochastic weather generator 
for the creation of synthetic years [55]. Apart from the field of building energy per-
formance calculations, stochastic models have been also broadly used for the acqui-
sition of yearly precipitation data or storm parameters, necessary for the design of 
hydraulic structures, ground erosion analysis, crop management policies, etc. [56–
59]. A detailed review on the use of stochastic weather models for agricultural, 
ecosystem, and hydrological impact studies is provided by Wilks and Wilby [60].
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 The Use of Typical Weather Years on Dynamic BEPS

As mentioned in the previous subsections, the existing techniques for the determi-
nation of TMMs involve different statistical procedures, and as a result, the aggre-
gated TWYs may vary significantly [61]. Given that the simulation output is strongly 
related to the weather parameters, potential differences on the individual hourly 
weather variables of the climatic files can induce high deviations on the output of 
the building energy simulations [62] (see Table 1).

In a previous study of Huang and Crawley [63], the effect of using different 
methods for the creation of hourly weather datasets on the estimation of the energy 
consumption of a three-story office building has been evaluated. Simulations were 
conducted with the DOE-2 model and concerned five locations in the USA. The 
generation of the examined hourly weather files has been based the TMY, TMY2, 
TRY, WYEC2, and WYEC methods, while the same 30 years climatic records have 
been used. The results of the analysis suggested that the average variation in the 
annual energy consumption due to weather file variation is ±5% with absolute maxi-
mum and minimum discrepancies of 11% and 1.8%, respectively.

In the same context, Seo et al. [64] have assessed the impact of using different 
approaches for the creation of typical year weather datasets, on the energy perfor-
mance calculations of a three-story office building. The total energy needs and the 
peak electricity demand have been calculated for different types of TWYs (IWEC, 
TMY, TMY2) and were compared with the simulation results obtained for a 30-year 
average climatic dataset. The acquired results indicated a maximum deviation of 5% 
between the simulation outcome using the various TWY datasets and those calcu-
lated using the long-term average weather data. Moreover, the authors mentioned 
that for the ten US climates that have been analyzed, 15  years of recorded data 
would have been also adequate for typical weather year generation.

In the study of Hong et al. [65], the peak electricity demand and the energy use 
of three types of office buildings in 17 different locations have been assessed. The 
simulated results, calculated for the long-term average of 30 actual meteorological 
years (AMY), were then compared with the respective results for a TMY dataset, 
reflecting typical weather conditions for the same 17 locations. The analysis revealed 
significant variations between the weather variables of AMY and TMY datasets, a 
fact that has also affected the calculated energy use for heating and cooling. 
Substantial deviations on the calculated HVAC energy use, reaching 37%, were 
reported for the medium-size office building, whereas for the large office buildings, 
the HVAC energy needs using the TMY dataset were found 9.2% lower than the 
respective AMY results.

Moreover, Yoo et al. [66] estimated the energy performance of a generic office 
building, using the TRY and the TMY methods for the city of Seoul, South Korea. 
The obtained results were then compared with the respective simulation results 
obtained for a 20-year long-term dataset of hourly climatic data. The analysis indi-
cated that the established TMMs through the two procedures were generally differ-
ent with only the months (April and July) being the same, whereas both the TMY 

Dynamic Simulations of High-Energy Performance Buildings: The Role of Climatic…



142

Table 1 Summary of previous studies, using different weather files for dynamic BEPS

Reference Aim of the study
BES 
model Results

Crawleu 
et al. [67]

Investigate the influence of using 
different weather datasets, generated 
with the TMY,TMY2, TRY, WYEC2, 
and WYEC methods for eight 
locations, on the simulated annual 
energy and peak loads

DOE-2 Annual energy consumption 
varied from −11% to 7%
Annual peak cooling loads 
varied from −11.5% to 30.5%
Annual peak heating loads 
varied from −48.5% to 3.2%
TMY2 dataset represented more 
accurately the long-term 
observations

Seo et al. 
[64]

Assess the influence of using typical 
year weather data, generated with five 
different techniques and 30 years 
actual weather data, on the simulation 
of annual total energy consumption. 
Simulations are performed for ten 
locations

DOE-2 Maximum difference on annual 
energy use, reported at 5%
For the ten US climates 
analyzed, 15 years of recorded 
data would have been also 
adequate for typical weather 
year generation

Hong et al. 
[65]

Analyze the impact of using 30 years 
actual meteorological data and TMY 
data for the simulation of 3 types of 
office buildings in 17 different 
locations

Energy+ HVAC energy use differences 
may vary from −37% to 18%
Annual weather variation has a 
greater impact on the peak 
electricity demand than on 
energy use
Simulated energy savings and 
peak demand reduction through 
energy conservation measures, 
using the TMY3 weather data 
and 30 years actual weather data 
present large discrepancies

Bhandari 
et al. [68]

Analyze the impact of using three 
actual weather datasets from different 
sources for a calendar year, on the 
simulated energy performance

Energy+ Individual hourly variables 
varied up to 90%
Annual building energy 
consumption varied up to ±7%
Annual peak loads varied up to 
±40%

Yang et al. 
[69]

Compare the energy simulation results 
obtained when using a TMY weather 
file, actual weather data from 
individual years, and weather file 
issued from long-term means. 
Simulations performed in five 
locations for an office building

DOE-2 Monthly loads and energy use 
results using the TMY follow 
the long-term means quite well
Mean bias error of energy use 
results between TMY and 
long-term mean range from 
−1.7% to 3.6%
Root mean square error of 
energy use results between 
TMY and long-term mean range 
from −4.3% to 5.4%

(continued)
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Table 1 (continued)

Reference Aim of the study
BES 
model Results

Tsoka 
et al. [71]

Evaluate the effect of the methodology 
for the establishment of TMMs, when 
stochastic methods are used for the 
creation of TWY has been evaluated

Energy+ Establishment of different 
TMMs for each applied 
methodology
Variation of the annual heating 
energy needs may up to 3.2% 
and 9.3% for a typical insulated 
and non-insulated apartment, 
respectively
Cooling energy demand 
variation up to 7.7% and 13.6% 
for a typical insulated and 
non-insulated apartment, 
respectively, depending on the 
weather file

and TRY simulation results generally followed the respective values for the long- 
term dataset, yet the TMY method presented a larger underestimation of the energy 
needs, compared to the TRY method. Peak underestimations of the annual heating 
and cooling load reached 4.70% and 5.80% correspondingly for the TMY, while the 
respective values for TRY were found 2.28% and 0.64%.

In the same vein, Aguiar et  al. [70] compared synthetic and typical years for 
Lisbon, Portugal, with regard to the thermal performance of a building test cell. The 
analysis indicated an overall good performance of the synthetic datasets suggesting 
that the latter could generally substitute the long-term observed series in a reason-
able way.

In a recent study of Tsoka et al. [71], the effect of the methodology for the 
establishment of TMMs, when stochastic weather generators are used for the cre-
ation of TWY, has been evaluated. Using a multiyear dataset of climatic records, 
TMMs have been defined, according to (a) the weather year for energy calculation 
method (i.e., TMM_WYEC) and (b) the long-term monthly averages (i.e., 
TMM_10years average); the corresponding average monthly values of air tem-
perature, wind speed, relative humidity, and solar radiation were then introduced 
in Meteonorm weather generator, and the two hourly weather datasets were sto-
chastically generated (i.e., TWY_10years average, TWY_WYEC). Along with 
the two previous datasets, an additional weather dataset was also stochastically 
created using the climate database of the software (i.e., TWY_Meteonorm 
default). The analysis revealed that the simulated annual heating energy needs 
may vary up to 3.2% and 9.3% for a typical insulated and non-insulated apart-
ment, respectively, depending on the weather dataset used; the corresponding 
deviations on annual cooling requirements range up to 7.7% and 13.6% as a func-
tion of the weather file, used as input in the simulation.

Finally, Koci et al. [72] evaluated the energy demand of a residential building in 
Central Europe, using a TRY dataset for the respective location; the obtained results 
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have been then compared with the corresponding energy demand, estimated for 
actual measured, weather datasets, for the years 2013–2017. The analysis revealed 
lower heating energy needs when the actual weather datasets have been applied, 
ranging by 4–15%; the respective discrepancies for the cooling energy needs ranged 
between 4% and 20%, indicating the need to update the typical weather datasets, 
generally used in dynamic BEPS at the specific location.

It can be concluded that the “typical weather years,” determined via the previ-
ously mentioned techniques, have been widely used by engineers and researchers, 
to achieve both accuracy and computationally efficient simulations. Yet, despite the 
significant advantages, the application of the typical weather datasets has some seri-
ous drawbacks, affecting the quality of the obtained results. The first important limi-
tation involves the neglection of extreme weather conditions; in all the existing 
methods for the generation of a TWY, the peak and extreme year conditions are 
excluded, and the issued TWY files are representative of the average weather condi-
tions over a year and can be therefore only considered suitable for predicting the 
buildings’ average energy demand rather than peak heating and cooling loads [62]. 
Yet, as extreme weather events such as heat waves or frost winter days are essential 
when it comes to the estimation of peak energy use, various methods towards the 
establishment of less typical and extreme weather years have been proposed [55]. 
The second major limitation entails the neglection of the local microclimatic condi-
tions. More precisely, all the existing techniques are mainly based on long-term 
observations issued from weather stations outside the city centers; as a result, com-
plex interactions between solar radiation, wind speed, and the increased urban den-
sities are ignored [73, 74]; in this framework, many previous scientific studies have 
tried to establish various methodologies to assess the magnitude of the energy 
impact of higher urban Tair, because of the UHI effect, on the buildings’ heating and 
cooling energy needs, and the main applied techniques along with the acquired 
results from previous relevant studies are presented in the following section.

 Urban Microclimate Data as an Input Parameter 
for BEPS Simulation

Up to the present time, the impact of local microclimate on the buildings’ heating 
and cooling energy needs has been conducted either with the use of onsite measure-
ments or via integrated computational methods. In the first case, simulations are 
generally conducted with climatic variables, measured in rural and urban stations, 
and the obtained energy needs are comparatively assessed; in the second case, inte-
grated computational methods between microclimatic models and dynamic BEPS 
tools are applied so as account of the impact of the urban environment. A summary 
of relevant studies is given in the following subsections.
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 Evaluation of the Role of Urban Microclimate on Buildings 
Energy Performance, Using Urban and Rural Climatic Data

In relevant scientific studies, the analysis initially focuses on the comparison 
between onsite climatic records in urban and suburban areas, with the latter gener-
ally characterized as “reference” locations. From one hand, the comparison of the 
two datasets permits the calculation of the maximum difference between the urban 
and the reference station [75], known as the urban heat island intensity [76], and on 
the other hand, the diurnal variation of the climatic parameters occurring in both 
sites can be also assessed. At a second step, the measured data of the urban area and 
the reference station are generally employed to develop sample years that are then 
used as input boundary condition for the building energy performance simulations. 
Calculations are mainly performed for reference buildings involving typical resi-
dential or office multistory buildings, single family buildings, etc. The comparative 
assessment of the simulated energy needs for both climatic datasets (i.e., reference 
and urban area) provides further insight on the energy penalty due to the differenti-
ated urban microclimatic conditions. The results of relevant scientific studies are 
presented in Table 2.

In the study of Cui et al. [77], the hourly weather data of ten urban and rural 
weather stations for the calendar year 2000 were used as input for energy perfor-
mance simulations of a typical building using the DeST software, a dynamic simu-
lation tool frequently used in China [78]. Simulation results suggested substantial 
differences on the simulated heating and cooling energy demand as result of the 
high ambient temperatures, recorded in the urban areas. The average annual heating 
requirements of the rural and the urban stations were 59.4 and 49.9 kWh/m2, respec-
tively, while the corresponding values of the average annual cooling needs were 
56.2 and 62.6 kWh/m2, respectively.

Similar remarks were also drawn by Magli et al. [79] who have analyzed the 
hourly air temperature records, issued from an urban and a suburban weather station 
in Modena, Italy, for the calendar years 2011 and 2012. The results indicated that 
the urban Tair values are always higher than the respective values at the suburban 
area, while the obtained hourly climatic records of the urban and the suburban 
weather station were employed to modify the default climatic dataset of the 
TRNSYS simulation tool. The simulation output has shown that the annual heating 
energy needs for the suburban area were 26% and 23% higher than the respective 
needs of the urban area, for 2011 and 2012 correspondingly. In summer, the annual 
cooling energy requirements for the urban area were 8% and 8.5% higher than the 
corresponding needs of the suburban area, for 2011 and 2012, respectively.

The influence of the urban microclimate on the cooling energy needs of typical 
residential buildings in the city of Rome, Italy, was examined by Zinzi and Carnielo 
[80]. Onsite hourly Tair and RH values were continuously measured in three urban 
areas, one peripheral zone, and in one reference, undisturbed location during sum-
mer 2015 and 2016. Results from the monitoring campaign indicated higher monthly 
average temperatures in the historical city center, characterized by increased 
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Table 2 Summary of previous studies, using onsite climatic records for building energy 
performance simulations

Reference Country Aim of the study Results

Cui et al. 
[77]

China Evaluate the temporal and spatial 
characteristics of the UHI in 
Beijing
Assess the effect of urban climate 
on buildings’ energy demand

UHI intensity in winter and summer 
close to 6 °C and 4 °C, respectively
Urban areas’ heating load lower by 
16% compared to the rural area; 
cooling load increased by 11% due 
to the UHI

Magli et al. 
[79]

Italy Compare the hourly Tair records 
issued from an urban and suburban 
weather station for 2011 and 2012
Evaluate the effect of local 
microclimate on buildings’ heating 
and cooling energy needs

Annual heating energy higher by 
23–63% for the suburban area
Annual cooling energy needs higher 
by 8–8.5% 8.5% for the suburban 
area

Zinzi et al. 
[80]

Italy Compare the Tair between urban 
and rural zones in Rome for 2015 
and 2016
Assess the effect of high Tair 
values in cooling energy needs of 
urban buildings
Evaluate the impact of UHI on the 
indoor thermal conditions of 
buildings

UHI intensity up 10 1.8 °C during 
the monitoring period
Average annual cooling energy 
needs of the urban buildings higher 
by 30–45% than the respective 
cooling demand at a reference 
location
Increase of the overheating hours 
inside the urban buildings due to the 
UHI

Street et al. 
[81]

USA Compare hourly climatic records 
of an urban and two rural weather 
stations
Evaluate the energy impact of UHI 
regarding heating and cooling 
needs

Maximum urban heat island 
intensity ranging between 1.30 and 
2.80 °C
Heating energy needs of the urban 
dwellings lower by 2–10% 
compared to the reference station
Increase on the cooling energy 
needs of the urban buildings by 
20–37% compared to the rural area

Salvati 
et al. [82]

Spain Compare Tair records from urban 
and rural fixed weather stations in 
Barcelona
Evaluate the UHI intensity during 
summer
Assess the energy impact of UHI 
on buildings energy needs

Maximum UHI intensity of 4.3 °C 
in summer
Average relative increase of the 
sensible cooling load between 19% 
and 24% for the urban areas 
compared to the rural ones

Guattari 
et al. [83]

Italy Comparatively assess the hourly 
climatic records of four urban and 
two rural weather stations in Rome 
for 2014–2016
Evaluate the UHI intensity on an 
annual basis
Assess the effect of urban 
microclimate on buildings energy 
needs

Peak Tair differences between urban 
and rural stations reported in 
summer and ranging between 2.2 
and 4.7 °C
Cooling energy demand increased 
by 16% in urban areas compared to 
the rural ones
Heating energy demand decreased 
up to 15.8% for the urban areas due 
to the urban warming

S. Tsoka



147

building densities and very low presence of vegetation. The monitored Tair data for 
summer 2015 and 2016 were then used as boundary conditions for energy perfor-
mance simulations of typical residential buildings. Calculations were performed for 
both insulated and non-insulated building envelopes with the TRNSYS tool. 
Simulation results indicated a high-energy penalty for a non-insulated building in 
the city center; the average annual cooling energy needs for the three urban areas 
were 30–45% higher than the respective cooling demand at a reference location. 
Similar trends were reported for the insulated building envelope although the mag-
nitude of difference was lower.

The energy impact of higher ambient urban air temperatures in Boston, USA, 
was evaluated by Street et al. [81]. At a first step, climatic data from an urban and 
two rural weather stations were used to evaluate the maximum urban heat island 
intensity which varied between 1.30 and 2.80 °C, depending on the selected refer-
ence station. Onsite Tair measurements from the urban and the two rural weather 
stations were then used as input boundary condition in the EnergyPlus simulation 
model to simulate the energy performance of a small office building. It was calcu-
lated that the heating energy needs in the central area of the city were reduced by 
2–10% depending on the used reference station. As for the cooling energy require-
ments, they were found to be 20–37% higher in the urban area, than in the reference 
locations.

Salvati et  al. [82] have evaluated the intensity of the UHI phenomenon in 
Barcelona, Spain, and they have analyzed the effect of higher urban air temperatures 
and lower wind speeds on the energy performance of typical building units. More 
precisely, the assessment of the UHI intensity was based on the comparison of 
hourly air temperature, wind speed, and wind direction records, measured inside 
two street canyons and a rural, reference weather station; climatic records only con-
cerned single days during summer 2014 and not a complete calendar year. During 
summer, the maximum differences between urban and rural sites occurred at mid-
night and in the afternoon, while the wind speed was always lower at the street level, 
compared to the respective values in the undisturbed rural area, due to wind shelter-
ing by buildings. The variation on the sensible cooling load a building unit as a 
function of the urban and rural climatic data was also assessed via the EnergyPlus 
simulation tool. The hourly climatic measurements for the two summer days were 
used so as to modify the default weather file of the EnergyPlus simulation model. 
The simulation results suggested an average relative increase of the sensible cooling 
load, ranging between 19% and the 24%, for the 10th and the 17th of July 2014, 
correspondingly.

In the same vein, Santamouris has performed a comparative analysis of 13 previ-
ous scientific studies in which climatic measurements from urban and reference 
rural stations were employed for the dynamic BEP simulations of various reference 
buildings [75]. It was found that the average annual cooling energy penalty as a 
consequence of higher urban temperatures was close to 13.1%. Evidence from the 
analyzed scientific studies also suggested that in cooling dominated climates (i.e., 
areas with an average summer temperature higher than 27.0 °C), the increase of the 
cooling energy demand as a consequence of the urban heat island phenomenon 
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significantly outweighs the corresponding heating energy conservation. On the 
other hand, in heating dominated climates (i.e., areas where the average summer 
Tair is lower than 23.0 °C), the higher ambient urban Tair will lead to a considerable 
reduction of the heating energy demand, while the increase of the building cooling 
needs would be of lower importance [75].

It can be concluded that the consideration of the complex interactions between 
the climatic variables and the urban fabric is of high importance towards the accu-
rate calculation of the energy requirements of urban buildings [84], yet, the above-
mentioned results highlight that the magnitude of the energy impact of the urban 
warming is strongly related to the intensity of the urban overheating, the buildings’ 
typology and envelope characteristics, the site specific microclimatic conditions as 
a function of the respective morphological characteristics of the study area, etc.

Yet, even if experimental data through measurements have always provided the 
basis for model development and validation, analyzing the effect of the urban micro-
climate on buildings energy performance using measured hourly climatic records 
presents some important limitations that should be taken into consideration. Firstly, 
the collection of onsite urban measurements is a considerably time-consuming pro-
cess, while the observed climatic parameters generally reflect the actual meteoro-
logical conditions of the calendar year they have been conducted rather than the 
average climatic characteristics of the study area. In parallel, field measurements 
can be rather prone to errors associated either with the calibration of the respective 
measuring equipment [85] or the potential near wall phenomena, formed along the 
building elements, near which the microclimatic sensors are placed [86]. Another 
important restriction also involves the number of the measured climatic parameters, 
generally limited to air temperature and relative humidity records, and, thus, the 
decreased urban wind speeds and the reduced convective heat losses as a conse-
quence of wind sheltering by building volumes is not considered during the simula-
tions [74]. Finally, the study of the energy penalty of the urban warming on buildings 
using measured urban and rural climatic data does not allow the evaluation of vari-
ous mitigation strategies since climatic records before and after the application of 
several mitigation techniques will be performed under different meteorological con-
ditions and as a result, the climatic variables cannot be considered comparable.

In contrast to the field measurements, the use of numerical methods for the urban 
microclimate analysis and its effect on the buildings’ energy needs allows the simu-
lation of various urban morphologies so as to draw general conclusions, recommen-
dations, and policy implications. The respective computational approaches, reported 
in the literature as coupled/coupling simulations, involve the methodological 
approaches of integrating models from two different software (i.e., microclimate 
tools and BEPS models) so as to increase the accuracy of the buildings energy per-
formance analysis. A detailed review of various relevant studies has been performed 
by Bozonnet et al. [87], Frayssinet et al. [88], and Krebs and Johansson [89]. In the 
next section, the results of relevant scientific studies are presented.
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 Evaluating the Effect of the Urban Microclimate on Buildings’ 
Energy Performance, Using Numerical Methods

The dynamic BEPS models have been originally designed to evaluate the perfor-
mance of stand-alone buildings [74]; the neighboring buildings are only considered 
as solar radiation obstacles, while their behavior with regard to heat transfer 
exchange with the examined building is not considered [88]. Yet the existing scien-
tific knowledge suggests that an integrated simulation approach between BEPS 
codes and microclimate models is necessary towards more efficient buildings energy 
demand calculations, accounting for the local thermal environment [90, 91]. More 
precisely, the treatment of the physical phenomena, occurring at the buildings- 
environment interface, affecting the heating and cooling energy requirements 
involves (a) the solar radiation fluxes received at the building facades as a function 
of the near obstructions, albedo values, etc. [92]; (b) long-wave radiation flux 
between the constructions’ surfaces and the sky, as a function of the surfaces’ emis-
sivity and the opening to the sky [93, 94]; and (c) the near-wall phenomena and the 
heat exchange through convention [74].

However, very limited models offer an integrated analysis of both the buildings 
energy requirements and their surrounding environment. A respective simplified 
approach is provided by the CitySim [95] and SUNtool [96] model, in which the 
effect of the solar masks of the urban environment is accounted for during the esti-
mation of the buildings’ energy performance; still, airflow effect and the convective 
heat fluxes cannot be handled by the models. To address this issue, previous scien-
tific studies have proposed integrated simulation approaches to accurately simulate 
the effect of radiative exchanges, heat transfer, and local airflow on the building’s 
energy performance. The most commonly applied techniques involve coupling (a) 
microclimate simulation models such as the ENVI-met model with a dynamic 
BEPS tool or (b) a CFD code with a BEPS tool.

ENVI-met simulation model is one of the most widely applied software for 
urban climate analysis [97] as it provides an integral modelling of radiation and 
convention phenomena. Various studies have proposed an integrated simulation 
approach between the ENVI-met microclimate model and dynamic BEPS tools. In 
these studies, microclimate simulations of the study area, in which the case study 
building is located, are initially performed, and at the next step, the ENVI-met simu-
lation outputs (i.e., Tair, RH, Tdew, WS), reflecting the microclimatic conditions of 
the air layer around the analyzed building, are employed to modify the existing 
hourly weather file of the dynamic BEPS tool. In this way, the site-specific micro-
climatic conditions, used as boundary conditions at the BEPS, are accounted during 
the energy performance simulations, yet the coupling is mainly done for specific 
days and not for a complete year’s period, given the time-consuming microclimate 
simulation.

In this context, Yang et al. [73] established an integrated simulation approach 
between the ENVI-met v.4 model and the EnergyPlus tool via the software platform 
Building Controls Virtual Test Bed (BCVTB). Microclimate simulations were 
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performed for a generic case study area in Guangzhou, China, for two typical sum-
mer days; the obtained hourly climatic records were then used to modify the exist-
ing epw weather file of the EnergyPlus model. In parallel, aiming at an accurate 
evaluation of the convective heat losses, the convective heat transfer coefficient for 
each facade of the building was calculated according to the microclimatic results 
obtained by ENVI-met and it was sent back to EnergyPlus to replace the default 
CHTC. To evaluate the role of urban microclimate, the calculated cooling energy 
needs were then compared with the respective values for an isolated, stand-alone 
building. It was found that the consideration of the local thermal environment sig-
nificantly affects the energy performance simulation results as an increase of the 
sensible cooling load of around 10% was observed when the local thermal condi-
tions have been considered.

Similarly, Gobakis and Kolokotsa [90] established a coupling of the ESP-r 
dynamic simulation tool with the ENVI-met v.4 model to improve the accuracy of 
the energy requirements’ calculations of a tertiary building in Crete, Greece, while 
the analysis has been restricted to 4 typical days, due to the increased computational 
cost of microclimate simulations. The ENVI-met simulation output in front of the 
investigated building facades was extracted and used to modify the ESP-r hourly 
weather file for the specific simulated days. In parallel, the hourly values of the air 
temperature, wind speed, and wind direction on each surface of the investigated 
buildings were extracted from ENVI-met and introduced in a Python code to calcu-
late dynamically the convective heat transfer coefficient according to three different 
equations. Heating and cooling energy needs were quantified both following the 
coupling procedure and for the default Meteonorm hourly weather dataset. The 
analysis indicated a reduction of 2.5% for the heating requirements during the win-
ter period when the local microclimate was considered, while an increase of 8.60% 
on the cooling energy needs due to local climatic conditions was reported.

In the research of Sharmin and Steemers [98], a one-way coupling computational 
approach between the ENVI-met v.4 and the IES-VE dynamic energy simulation 
model was applied for the energy performance calculations of a typical residential 
building, whereas four different urban arrangements were considered to account of 
diverse microclimatic conditions. Microclimate simulations were performed for a 
single hot, summer day, and the acquired hourly microclimatic variables were used 
to modify the existing hourly weather file for the respective simulated day, so as to 
evaluate the corresponding cooling energy requirements. The obtained results sug-
gested higher building cooling energy needs by 6–8%, when the urban microclimate 
has been accounted for, because of higher outdoor Tair and lower wind speed, 
resulting in lower convective losses.

Morakinyo et al. [99] have established an one way model coupling procedure to 
assess the impact of the outdoor microclimate as a function of vegetation, on the 
indoor summer thermal conditions of a university building in Nigeria. ENVI-met 
microclimate simulation results were performed for three individual summer days, 
considering both exposed and shaded buildings; the generated ENVI-met v.4 out-
put, reflecting the microclimatic conditions in front of the investigated buildings, 
was extracted to modify the weather dataset of the EnergyPlus tool. Further dynamic 
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simulations with the EnergyPlus revealed significant differences in the indoor ther-
mal environment due to the diverse outdoor microclimatic conditions and the cor-
responding tree shading effect.

A one-way coupling approach between the ENVI-met and the EnergyPlus tool to 
evaluate the effect of cool materials on buildings energy needs has been also estab-
lished by Tsoka et al. [100]. In this study, microclimate simulations have been con-
ducted for 12 representative days (one for each month), defined through a detailed 
statistical analysis of long-term climatic records, while both the existing conditions 
and high albedo pavements have been evaluated. The major microclimatic parame-
ters, estimated in front of the examined building unit, were then extracted from the 
ENVI-met model, and their average values have been introduced in Meteonorm 
weather generator to stochastically create the site-specific, annual climatic datasets, 
henceforward entitled |urban specific weather datasets” (USWDs). The generated, 
hourly weather datasets, representative of the microclimatic conditions of the urban 
site (before and after the high albedo pavements applications), have been then used 
as an input boundary condition for the building unit’s dynamic energy performance 
simulations with the EnergyPlus model.

Finally, in the study of Santamouris et  al. [101]. a one-way coupling of the 
ENVI-met v.4 model with the EnergyPlus was performed to assess the effect of 
various UHI mitigation strategies on the cooling energy requirements of a typical 
residential building in Sydney. Microclimate simulations for various mitigation 
strategies were done for a typical summer day, and the hourly values of the major 
outdoor microclimatic variables, extracted from the ENVI-met software, were used 
to modify the existing hourly weather file of EnergyPlus. The weather file was mod-
ified for 10 days, under the assumption that all these days presented identical micro-
climatic characteristics with the simulated one. The results indicated a reduction of 
the maximum cooling load of 0.4% for every 10% of ground surfaces’ albedo, 
whereas every 10% of increase of the urban greenery led to a reduction of the peak 
building cooling load of almost 0.5%.

To continue, another technique for the assessment of the urban microclimate’s 
effect on the buildings heating and cooling energy requirements involves the cou-
pling between BEPS and CFD models. As already described, BEPS tools calculate 
the buildings’ energy requirements and the surfaces’ temperatures without however 
capturing the dynamic effects of airflow near the facade that have a strong impact on 
the convective heat losses and thus cooling and heating energy requirements. 
Establishing an integrated computational method between a BEPS tool and a CFD 
code could be thus considered as an alternative to handle the latter limitation [102].

As mentioned by Bouyer et  al. [91], three possibilities are offered: (a) full 
dynamic coupling, in which iterations between the CFD/BES are performed till the 
achievement of strict convergence; (b) quasi-dynamic coupling, involving only one 
iteration for both CFD and BES; and (c) and intermediate coupling in which simpli-
fications on the energy balance equations are performed to reduce the computa-
tional cost. As full dynamic coupling is vastly computationally expensive, Malys 
et al. [92] have compared the three abovementioned levels of coupling to determine 
the level of detail, required for the accurate estimation of buildings heating and 
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cooling energy requirements. The sensitivity analysis involved the coupling between 
the Solene-microclimat thermoradiative model and the Code_Saturne CFD tool. 
The obtained results revealed a rather weak impact of the chosen coupling method, 
on the assessment of the heating energy needs both for an insulated and non- 
insulated building, while the selection of CHTC calculation mode was more promi-
nent for the non-insulated envelope.

Allegrini et al. [103] have established a coupling approach between the CitySim 
BEPS model and the Open FOAM CFD code to examine the effect of the urban 
microclimate on the buildings energy demand. Energy performance simulations 
concerned generic urban neighborhoods in Zurich, Switzerland, and the CFD simu-
lations were run for steady-state conditions, assuming four different weather condi-
tions, critical for the space cooling energy requirements. In the same context, 
Barbason and Reiter [104] have developed a coupling approach between the 
TRNSYS BEPS program and the FLUENT CFD code to accurately estimate the 
overheating conditions of a residential building. The results of both the abovemen-
tioned studies suggested that the unique application of BEPS (i.e., consideration of 
stand-alone building) cannot accurately describe the thermal behavior of the entire 
building, while on the other hand, the coupled approach can considerably increase 
the simulation accuracy.

In this context, Pandey et  al. [105] have proposed a new coupling simulation 
approach between the EnergyPlus and the Ansys Fluent CFD code to evaluate the 
performance of phase change materials on the built environment. In the same vein, 
Liu et al. [106] have evaluated the effect of the urban microclimate on buildings 
energy performance, focusing on the convective heat losses in areas of different 
surface densities. More specifically, new correlations of CHTCs, dependent of the 
plan area density of generic study areas, were initially developed using CFD simula-
tions; they were then implemented in the EnergyPlus simulation tool to investigate 
their impact on the energy performance of a typical residential building located in 
Philadelphia, USA. Dynamic simulations were conducted both for the newly gener-
ated CHTCs and for the default correlations of the EnergyPlus. The analysis revealed 
that, for an urban neighborhood with plan area densities ranging from 0.04 (i.e., 
isolated building) to 0.44 (dense area), the variation on the estimated cooling and 
heating energy needs was up to 4% and 1.3%, as a function of the applied CHTC 
correlation. Moreover, the shading by the adjacent buildings was found the most 
crucial parameter concerning the estimated buildings’ energy performance; increas-
ing the plan area density from 0.04 to 0.44 led to reduction of the cooling energy 
needs by 32%, while the heating energy requirements increased by 24% due to 
lower heat gains.

Finally, Bouyer et al. [91] have proposed a coupling approach of Fluent CFD 
code and Solene-microclimat thermoradiative model to assess the impact of the 
urban microclimate, involving solar shading, short and longwave radiation fluxes, 
and airflow, on the buildings energy requirements; the obtained results showed that 
the coupling method vs usual BEPSs (i.e., only solar masks by adjacent buildings 
are considered) led to a decrease of the calculated heating energy needs by 19% and 
to an increase of the estimated cooling energy requirements by 30%.
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Based on the results of the abovementioned studies, it can be said that the com-
bination of the dynamic building energy simulation tools with urban microclimate 
models is of crucial importance when high accuracy on the estimation of buildings 
energy demand is required. However, an important issue that may arise on the cou-
pling techniques concerns the correspondence of the building surfaces between the 
two programs; since different geometry modelers are employed in each of the codes, 
special attention should be paid to establish the correct exchange of data between 
the two models [28, 73]. Another important issue of the coupling of a CFD and a 
BEPS code concerns the method of the time step control and whether a one step 
coupling, a quasi-dynamic, or a full dynamic coupling procedure is applied [107]. 
According to the findings of Malys et al. [92] and Robitu et al. [108], a full dynamic 
coupling is recommended for the assessment of the buildings’ cooling energy 
demand and also for the evaluation of the effect of various mitigation strategies 
including trees, cool materials, water ponds, etc. Yet, despite its high resolution and 
the increased accuracy of the results, the respective method is extremely computa-
tionally expensive. An intermediate coupling proposed by Bouyer et al. [91] could 
be a good compromise to face this limitation, but still, further research would be 
necessary to assess the sensitivity of the corresponding method on various simula-
tion parameters [92].

Given the differences on the temporal resolution of the BEPS models and the 
microclimate CFD simulation tools, the previously mentioned coupling approaches 
were mainly established for limited time periods, varying from 24 h to only a few 
days. Even if significant knowledge on the effect of the local climate on the build-
ing’s energy demand can be retrieved from the daily analysis, a complete annual 
simulation would be necessary to obtain a global view of the buildings’ energy 
performance as a function of its surrounding environment.

In this context, Tsoka [109] aimed on the establishment of a novel computational 
method to combine dynamic building energy performance simulation (BEPS) tools 
with microclimatic models, to generate typical hourly weather datasets that are rep-
resentative of the microclimatic conditions of urban areas. In fact, the one-way cou-
pling method has been based on three tools: (a) the ENVI-met v.4 microclimate 
model, (b) the Meteonorm weather generator, and the (c) the dynamic building 
energy simulation tool EnergyPlus. The site-specific typical weather datasets have 
been then used to evaluate the energy performance of generic insulated and non- 
insulated building units in Thessaloniki, Greece. The annual heating energy needs 
of the examined, non-insulated building units were found 8.2–11.5% lower when 
the site-specific microclimate data have been considered rather than the default 
TWD for Thessaloniki. On the other hand, the higher Tair values in the urban dis-
tricts, captured in the USWDs, resulted in a rise of the annual cooling energy needs, 
between 13.4% and 28.2%, depending on the study area.

Finally, the existing scientific evidence suggest that the numerical methods have 
significantly increased the accuracy of climatic input boundary conditions and, thus, 
the reliability of the dynamic building energy performance simulations. Nevertheless, 
in the abovementioned studies, the climate change effect and the continuous rise of 
air temperature are not accounted for in the simulations. Given that the outside air 
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temperature is strongly correlated with the energy demand of buildings, assuming 
stable climatic conditions and ignoring the global warming during the buildings’ 
life cycle can lead to significant errors on their energy performance assessment. To 
this aim, many recent scientific studies, the results of which are presented in the next 
section, have proposed numerical methods to generate future weather datasets for 
the dynamic energy performance simulations of contemporary buildings.

 Climate Change and Generation of Future Weather Datasets 
for Dynamic Building Energy Performance Simulations

Climate change has a major impact on the urban built environment, not only as 
regards the buildings’ performance and the formation of the outdoor and indoor 
thermal comfort conditions but also with regard to the higher probability of con-
fronting natural disasters, such as flashfloods. The impact of these effects, often 
with severe economic and social extensions, is gradually growing, and, thus, it is of 
imperative importance to establish high accuracy methods to evaluate the magni-
tude of climate change and propose suitable adaptation strategies. To this aim, the 
Intergovernmental Panel on Climate Change (IPCC) developed a series of different 
scenarios (Special Report on Emissions Scenarios (SRES)) that correspond to the 
main driving forces of future emissions, depending on economic, technological, and 
population growth. There are four “families” of scenarios, A1, A2, B1, and B2, and 
within the A1 “family” there are three different groups (A1FI, A1T, and A1B) 
according to the development of energy technologies [110]. In the Fifth Assessment 
Report, IPCC introduced updated emission scenarios, the Representative 
Concentration Pathways (RCPs), which are used in climate models for the future 
projections of climate. Four different RCPs are developed including a declining 
pathway that leads to very low radiative forcing (RCP2.6), two intermediate stabili-
zation pathways (RCP4.5/RCP6), and a high radiative forcing pathway (RCP8.5).

Future emission scenarios are the main input data for general circulation models 
(GCMs), the models that are used for the evaluation of the future climate change 
and provide climate data at spatial resolution of 150–300 km [111]. Yet, given the 
coarse spatial resolution of the GCMs, they have to be temporally and spatially 
downscaled so as to be compatible with dynamic building energy performance sim-
ulation tools, as the latter require information at finer spatial scale and at a temporal 
resolution of 1 h [112]. To date, there are two main approaches to downscale GCMs: 
statistical and dynamical downscaling.

The statistical downscaling method develops statistical relationships between 
measured climatic variables (often issued by historical records at a meteorological 
station) and larger (GCM)-scale variables, employing either analogue methods 
regression analysis or stochastic methods [28]. In the existing literature, the most 
widely applied statistical method involves the “morphing” approach, a method pro-
posed by Beclher et  al. [29] to adjust present-day datasets according to future 
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projections, so that they can be further used for dynamic building energy perfor-
mance simulations. More precisely, the methodology for “morphing” weather data 
involves three different algorithms depending on the weather parameter to be 
changed, and it includes (a) a “shift” of a current hourly weather data parameter by 
adding the predicted absolute monthly mean change as issued by a GCM for a given 
location, (b) a “stretch” of a present-day hourly weather data parameter by scaling 
it with the predicted relative monthly mean change, as forecasted by the GCM, and 
(c) a combination of a “shift” and a “stretch” for current hourly weather data. A 
detailed overview of the “morphing” downscaling approach is given in [113].

The simplicity and the easiness on the application of the morphing method are 
the main factors for its wide implementation by the scientific community. As sug-
gested by Robert and Kummert [33], especially for the estimation of the annual 
energy performance of climate sensitive buildings such as NZEBs, multiyear simu-
lations with weather data that consider global warming and the ongoing climate 
change should always be performed [114]. Perez-Andreu et al. [115] evaluated the 
influence of climate change on the energy demand of a residential building in Spain, 
and the morphing approach was implemented to generate future weather datasets 
for the periods of 2048–2052 and 2096–2100. The obtained energy performance 
simulation results indicated a decrease of the heating energy demand, as a function 
of the outdoor temperature increase, while on the other hand, the demand for cool-
ing and the risk of overheating considerably increased.

In the study of Shen [116], the morphing methodology was employed to down-
scale the output of GCMs and predict future hourly weather data for the period 
2040–2069; the predicted hourly weather data have been then used to evaluate the 
future energy performance of residential buildings in the USA. The analysis indi-
cated an overall reduction of the annual heating energy needs by 14.7–49% and an 
increase of the annual cooling energy use by 17.4–36.4% as a result of the higher, 
future Tair values. In the same vein, Chan et  al. [117] employed the morphing 
approach so as to create future hourly weather files that would be further used for 
the energy performance evaluation of residential and office buildings in Hong Kong. 
The results indicated a substantial increase on energy consumption of the air- 
conditioning systems due to the expected higher Tair values, ranging by 2.6–14.3% 
for the office building and by 3.7–24% for the residential flat, depending on the 
emission scenario.

Another method for the statistical downscaling of GCMs involves the use of 
stochastic weather generators that employ computer algorithms to generate long 
time series of climatic parameters with statistical properties similar to existing his-
torical climatic records. The use of these models can be very helpful in cases that 
there are no complete datasets of all necessary weather variables as they can fill in 
missing data and permit the generation of long synthetic time series. To date, the 
future weather generators that have been widely employed are the Meteonorm 
weather generator [118], the CCWorldWeatherGen [119], and the WeatherShift™ 
[120]. Indicatively, Rey-Hernández et al. [121] used the CCWorldWeatherGen to 
create future weather datasets so as to model the long-term effect of climate change 
on a zero energy building in Spain. Dynamic energy performance simulations were 
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conducted with Design Builder tool, and the results showed that a significant 
increase on the cooling energy demand should be expected for the years 2050 and 
2080, while on the other hand, the heating energy needs will drop.

Undoubtedly, the use of such weather generators is an important asset for the 
generation both of future time series, especially for locations that lack sufficient 
historical data. Yet, as underlined by Herrera et  al. [55] when it comes to future 
weather datasets, an important disadvantage relies on the inherent hypothesis that 
future weather sequences will be similar to those observed historically. To address 
this issue, other scientific studies have used more sophisticated approaches for the 
generation of future weather datasets for dynamic BEPS by implementing dynamic 
downscaling of the GCMs. More precisely, the dynamical downscaling refers to the 
use of a regional climate model (RegCM), driven by the output of a GCM (used as 
initial and boundary conditions), to dynamically extrapolate the effects of large- 
scale climate processes to regional or local scales of interest [122]. RegCMs can 
thus generate climate information at a much finer resolution than GCMs, down to 
2.5–100 km, embracing in a more detailed way the topographical particularities and 
the climatic dynamical processes of the region of interest. Still, an important disad-
vantage of the method relies on the considerable amount of computational power 
required along with the large storage devices for the creation of the datasets [123].

In the study of Berardi et al. [24], both statistical and dynamical downscaling 
methods have been employed to create future weather files for Canada for the 
energy performance evaluation of 16 building prototypes. Based on the obtained 
results, the authors suggested that the higher spatial resolution of the dynamical 
downscaling compared to the statistical methods resulted in a better representation 
of the local climate conditions, leading to the higher accuracy of the dynamic build-
ings’ energy performance simulations. Similar results were also mentioned in the 
study of Tootkaboni et al. [124], who comparatively evaluated the effect of different 
future weather datasets, created both with statistical and dynamical downscaling 
approaches, on the dynamic energy performance analysis of typical buildings. 
Again, the statistical downscaling methods of “morphing” and stochastic approach 
may provide adequate information to comparatively assess the long-term changes in 
energy building performance. But still, it is the dynamical downscaling method that 
provides reliable simulation results given its finer resolution.

However, it should be emphasized that in the existing literature, the impact of 
climate change on the buildings’ energy performance is assessed only for the gen-
eral governing climatic conditions (at a mesoscale) and not for the microclimatic 
conditions, characterizing each study area. As a result, complex processes that occur 
between building blocks, solar radiation, and wind speed, determining the urban 
climate, are neglected; nonetheless, given that the buildings’ energy demand is 
strongly correlated to climatic conditions of the study area, it becomes obvious that 
the acquisition of high accuracy building energy simulation results necessitates 
from the one hand a deep knowledge of microclimatic conditions of each study area 
and from the other hand the consideration of the occurring future climate change, 
strongly influencing the buildings’ energy demand.
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Towards this direction, Tsoka et al. [125] aimed on the evaluation of the com-
bined impact of climate change and urban heat island on the heating and cooling 
energy demand of a generic building unit in the city of Thessaloniki, Greece. The 
study focused on the generation of future weather datasets using both statistical and 
dynamical downscaling methods. For statistical downscaling, the Meteonorm sto-
chastic weather generator was employed, creating a future weather dataset for the 
year 2050, whereas for the dynamic downscaling, the use of the RegCM4 model 
allowed the projection of future climate conditions for the future period 2041–2060. 
The compounding effect of urban heat island on the warming due to climate change 
is explored through the three-dimensional dynamic microclimatic ENVI-met model, 
and the input boundary conditions are based on the output of the RegCM4. The 
energy performance simulation results indicated that the climate change will lead to 
a substantial increase of the cooling energy needs while reducing the heating energy 
demand. The acquired simulation results also highlighted the importance of consid-
ering the intensifying effect of urban heat island on climate change, when forecast-
ing the future buildings’ energy demand, since its neglection may lead to an 
overestimation of the heating energy demand by 21% and an underestimation of the 
cooling energy needs by 22.4%.

 Synopsis and Conclusions

In this chapter, the effect of the climatic datasets as an input parameter on dynamic 
building energy performance simulations has been discussed. The existing scientific 
evidence proposes various methods for the acquisition of suitable weather datasets, 
corresponding to different levels of complexity and presenting diverse characteris-
tics. Still, the results of the studies, reviewed in this chapter, agree that the hourly 
weather file, introduced in the BEPS models as a required input boundary condition, 
will strongly affect the simulation output concerning heating and cooling 
energy demand.

Given that it is not possible to have multiyear climatic observations at every site, 
the generation of typical weather datasets for dynamic BEPS has been traditionally 
based on the statistical analysis of historical records from weather stations in the 
peripheral zones of cities (i.e., airports, university campuses, etc.). The obtained 
standardized weather files correspond thus to a single year that reflects the average 
regional climate conditions. These weather datasets, widely used by the scientific 
community, fail however to include peak and extreme year conditions; the issued 
TWY files are thus representative of the average weather conditions over a year, and 
they are therefore more suitable for predicting the buildings’ average energy demand 
rather than peak heating and cooling loads during extreme events. Moreover, since 
the creation of TWDs is traditionally based on climatic observations, recorded out-
side the cities, the complex thermal and energy balance of urban areas cannot be 
accounted for in the energy performance simulations of urban buildings, a 
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limitation that may lead to significant inaccuracies in the estimation of buildings 
energy demand, especially for high-performance buildings such as the NZEBs.

To address this restriction, many scientific studies have proposed the use of 
onsite microclimatic measurements, so as to consider the site-specific climatic con-
ditions to which the examined building is subjected. This method may improve the 
accuracy of the obtained energy performance simulation results, but there are still 
some limitations that should not be neglected. Firstly, the collection of onsite urban 
measurements is a considerably time-consuming process, and climatic records of at 
least one calendar year are required when the annual building energy requirements 
are assessed. Besides, the observed climatic parameters will reflect the actual mete-
orological conditions of single calendar years rather than the average climatic char-
acteristics of the study area. Secondly, field measurements of microclimatic 
parameters can be rather prone to errors, associated either with the calibration of the 
respective measuring equipment or with the potential boundary effects formed 
along the building elements, near which the microclimatic sensors are placed. 
Finally, due to limitation of resources, most of the relevant studies only perform 
onsite microclimatic measurements of one or two climatic variables, mainly involv-
ing air temperature and relative humidity records; the dynamic simulations of the 
heating and cooling loads do not account of the complex convective heat transfers, 
affecting the buildings’ thermal balance.

Numerical methods, establishing coupled simulations between BEPS tools and 
microclimate models, can address the abovementioned limitations and increase the 
simulation accuracy. Yet a significant difficulty of the integrated computational 
approach lies on the different spatial and temporal scales of the employed models; 
the analysis of the buildings’ energy performance using dynamic simulation tools is 
typically conducted for a period of 1 year, whereas microclimate simulations are 
mainly carried out for only a few days or just for 24 h due to the high computational 
cost of the latter ones. As a result, in the scientific studies that combined the micro-
climate CFD models with BEPS tools, the analysis of building energy requirements 
only concerned 24 h or a very limited number of days.

In all the abovementioned scientific methods for the acquisition of climatic 
parameters for BEPS (i.e., statistical methods for TWDs generation, onsite mea-
surements, and coupled simulations), the analysis is conducted for the present-day 
climatic parameters. Nevertheless, due to climate change, the weather data during a 
building’s life cycle may differ considerably. In new buildings that will serve for 
more than 50 years, climate change is expected to have adverse influence on their 
life cycle performance regarding energy needs and thermal comfort. They should 
thus be designed and constructed with effective measures and environmental fea-
tures to cope with the impact of climate change. Towards this direction, different 
methods for the generation of future weather datasets have been proposed by the 
scientific community, including the use of weather generators or more sophisticated 
approaches such as the downscaling of general circulation models.
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Green Urbanism with Genuine Green 
Architecture: Toward Net Zero System 
in New York

Derya Oktay and James Garrison

 Introduction

Changes that have taken place in the world over the past 30 years, including eco-
logical disturbances and radical changes in traditional settlements, have produced 
cities that are not just chaotic and monotonous in appearance but have serious envi-
ronmental problems threatening their inhabitants. In this context, environmentally 
sensitive design approaches at the building scale have been understood better com-
paring to those at the urban scale, and there have been significant developments in 
the field, although the contemporary architectural practice in the developing coun-
tries is still lacking many aspects of sustainable building design. On that ground, 
sustainable urbanism emerges as a sound framework that draws attention to the 
immense opportunity to redesign the built environment in a manner that supports a 
higher quality of life and human health. What is critical here is that a city cannot be 
green without genuine green buildings.

Today, most architects, unfortunately, continue to see architectural design as the 
design of an “object,” although it is an undeniable reality that building design can-
not be isolated from its environment, and an architect while designing a building 
affects the existing environment positively or negatively. As buildings are one of the 
principal users of energy and materials and the major causes for damaging nature, 
new approaches are needed in the conception, theorization, and implementation of 
architectural practices, which will generate ecologically responsive architectural 
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designs. In this context, “green architecture” emerges as the practice of creating 
buildings that are designed to reduce the overall impact of the built environment on 
human health and the natural environment by efficiently using energy, water, and 
other resources, safeguarding user health, increasing employee productivity, and 
reducing waste, pollution, and physical deterioration.

However, the concept of green architecture remains poorly defined and inade-
quately developed as a cultural and technical undertaking. Architecture produced in 
the context of industrialized, capitalist societies continues to be determined by 
expedience and profit rather than ecological principles. Even if the most sustainable 
design and technical solutions are utilized, their effectiveness is dramatically lim-
ited by supply chains, work patterns, and materials produced under capitalist priori-
ties. These same priorities in the context of highly competitive and mediated cultures 
drive claims of sustainability without realizing complete, effective, or holistic solu-
tions. Unsubstantiated or overstated “green washing” prevails across much of the 
product range and is liberally applied to architecture. Whether resulting from eco-
nomic limits or partial commitment, we must move beyond such half measures if 
we are to successfully confront what has become the greatest existential threat of 
the modern world. It is very rare to see effective architectural examples that safe-
guard regional populations with locally appropriate sustainable design features that 
consider climate, health, and renewable energy [8]. The result is a lack of environ-
mental sensitivity and the prevailing sameness in cities worldwide.

Early in the sustainability movement, many rejected the idea of “environmental 
balance” as an impossible goal that ignored the realities of the Anthropocene. Thirty 
years hence two questions remain: Can technological means save us from ecologi-
cal disaster, or will we fail without disruptive cultural, economic, and behavioral 
change? It is now clear that both are necessary. We can take a lesson from US con-
sumers’ response to legislated vehicle mileage improvements; Americans now drive 
40% more miles per person than they did 40 years ago.

Based on these shortcomings, this chapter focuses on the concepts of green 
urbanism and green architecture based on the ideas observed in the development of 
the ancient settlements and the traditional contexts, introducing the Seventy-Six, the 
second author’s awarded project in Albany, New York, and interrogates the viability 
of the net zero concept through that exemplary project.

 Looking Back for the Idea of Green Settlements

Although sustainability is considered new conceptually, it is not new as a world-
view. The adaptation of building to the environment has been a continuous problem 
throughout the centuries. The use of local data, especially climatic features, in 
design has been a part of the rational approach of those who have been dealing with 
buildings since ancient times. In this context, the ancient builders learned to design 
houses that would benefit from solar energy on cool days and avoid the heat of the 
sun on hot summer days.
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Furthermore, early evidence shows that solar energy and other climatic features 
were utilized not only on a single house scale but also when designing a group of 
houses in an urban context. Hippocrates, for example, suggested heading east in 
living spaces as the healthiest solution, emphasizing that the south direction is also 
acceptable. Vitruvius, on the other hand, drew attention to the importance of open-
ing wide streets to the wind to clean the air of the city and to avoid the wind so that 
narrow streets could be used as a living environment [2]. As in Greek cities, streets 
in ancient Rome were created with walls and arcades that protected from the sun’s 
rays and kept buildings cool, a principle that has become the norm for many urban 
settlements in the Mediterranean region as an excellent solution to protect pedestri-
ans from climatic elements and enrich the urban space. Vitruvius’s recognition of its 
importance is echoed even by Le Corbusier, who has not been enthusiastic about 
designing with the environment: “The symphony of climate along the curvature of 
the meridian, its intensity varies on the crust of the earth according to its incidence… 
In this play, many conditions are created which await adequate solutions. It is at this 
point that an authentic regionalism has its rightful place” [9].

In every region, a traditional building style or regional architecture has emerged 
due to the practical needs of the people living there, topography, and climatic condi-
tions. These anonymous examples are important sources of information that should 
be considered in the design of new environments in that region, at the settlement and 
building scale. For instance, traditional Turkish (Ottoman) city is the perfect exam-
ple of “design with nature.” As analyzed by Oktay [6], the preexisting topographic 
character of the site is apparent at the urban scale even in intense built-up areas. 
Furthermore, gardens perforate an otherwise dense urban fabric, providing relief to 
streets and to public and private structures. With its trees, flowers, and small vege-
table plot, the courtyard, avlu, is the closest relation the house has to nature; thus, it 
also provides the inhabitant with direct access to nature (Fig. 1). During the hot 
summer months, the well-defined, open-to-sky courtyard traps the dense, cool air in 

Fig. 1 Traditional courtyard house in the traditional Turkish (Ottoman) house [6]

Green Urbanism with Genuine Green Architecture: Toward Net Zero System in New York



168

the center of the house, helping air circulation and bringing down the general tem-
perature inside. Trees, as nature’s own evaporative coolers, are the important com-
ponents of the courtyard; they also filter blowing dust from the air.

The Persian civilization is widely considered to have added windcatchers, the 
natural ventilation in buildings, to allow for better cooling – such as combining it 
with its existing irrigation system to help to cool the air down before releasing it 
throughout the home. As Roaf [10] highlights, in a hot and arid climate, windcatch-
ers can be thought of as a zero-carbon cooling technology (Fig. 2).

Such indigenous environmental creativity was necessarily motivated and limited 
by available resources. It was, in a sense sustainable by circumstance, as its instiga-
tors had no choice but to work from what was at hand. Without glossing over the 
class and labor exploitation common to such endeavors, we can recognize that limi-
tations are often the most effective way for cultures to work within ecological 
boundaries. With the arrival of the petroleum age, such boundaries were dissolved 
by a widely available and abundant source of energy. As is our nature, we have used 
this resource with abandon inventing means of production, movement, and materi-
ality that sponsored unparalleled population growth and technical advancement 
without broad recognition of its effect on the world that sustains us.

The search for the cities of the future, against rapid and unbalanced urbanization, 
how to create the balance between the city and the rural environment, and how to 
shape ecologically sensitive environments were first brought to the agenda by 
Ebenezer Howard in 1898. Letchworth (England), designed by Howard as a “garden 
city” in line with these goals, was a city model with functional diversity and rela-
tively self-sufficiency, surrounded by a production-oriented green belt that mini-
mized dispersed development ([5]/1898). Here, the beauty of nature, easily 
accessible parks and fields, clean air and water, houses with gardens, high income, 
and social opportunities were combined with cooperative entrepreneurship (Fig. 3). 
With its features, Howard’s model, unlike other garden city approaches, can be con-
sidered as a starting point for planning and design for sustainability.

Fig. 2 Traditional windcatchers in Yazd, Iran (https://gate- of- nations.org/wind- towers- or- wind- 
catchers/ Retrieved: 08.04.2022)
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Fig. 3 Letchworth Garden City map [5]/1898

Towards the end of the twentieth century, by redefining urban and nonurban set-
tlements in the United States in the context of sustainability, Peter Calthorpe started 
the urban and architectural movement that compelled the “New Urbanism” move-
ment. Positioning all functions and services around an advanced and alternative 
public transportation system and considering pedestrian accessibility, including 
open spaces in the center that will support social life, creating a distinctive street 
pattern that does not give priority to vehicles, and designing the buildings in accor-
dance with historical and climatic features constitute the main principles of the New 
Urbanism movement [3] (Figs. 4 and 5). Although the movement is open to criti-
cism on several fronts, for being focused on better-designed suburban development, 
often for upper income groups, rather than the creation of truly “urban” places, 
together with the paradigm of “green architecture” provides the philosophical and 
practical framework of sustainable urbanism at the city level.
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Fig. 4 Rio Vista West (San Diego, California) site plan [3]

Fig. 5 Architectural language and components in Rio Vista West (San Diego, California) created 
in harmony with the tradition and climate [3]

 Green Urbanism and the Need for “Genuine” Green 
Architecture in Contemporary Developments

When the theme of sustainability at the urban scale first came to the forefront, all 
those interested in the subject defined sustainability with great conviction, referring 
to the Brundlant Report (1987), as “development that meets the needs of the present 
without compromising the ability of future generations to meet their own needs and 
expectations.” However, it was not very clear how it would be reflected in actual 
decisions and daily life. In this context, the general objectives were to develop 
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energy efficiency and minimize air-polluting emissions, to develop mobility with-
out the need for motor vehicles, to reduce the use of private vehicles by improving 
public transportation in this direction, and to develop new activity centers around 
the nodal points of public transportation. In this vein, the idea of “green” urbanism 
focuses on expanding our approach to the phenomenon of urbanism, which covers 
both urban and architectural scale to include ecological dimensions based on sus-
tainability goals and is now indispensable on the agenda of the world of urban 
planning/design and architecture and nongovernmental organizations particularly in 
developed Western countries.

Since the failure of architectural practices to develop attitudes against globaliza-
tion accelerates the loss of local resources, identities, and social values, what is 
needed to be emphasized is that the design approaches that take formal aesthetics as 
the “single and main goal” are extremely dangerous, but what it adds or how it 
affects the needs is important. In this context, the rapid proliferation of successful 
examples supporting the idea of “green urbanism,” and the intense support and 
interest in it by being kept on the agenda both at the country and city administration 
level and through nongovernmental organizations are pleasing developments. One 
significant contemporary example of housing combining ecological and social prin-
ciples is Ecolonia in Holland, master-planned by the Belgian architect Lucien Kroll. 
Ecolonia does demonstrate that significant savings in energy use and environmental 
impact can be achieved by optimizing the use of the existing methods and building 
materials. By paying regard to orientation (south, east, and west facing housing, not 
north), to differential window areas according to aspect, and to increased levels of 
insulation and efficient boiler systems, Ecolonia has met the target of a 25% 

Fig. 6 The settlement layout of “Ecolonia” low-energy housing demonstration project in Alphen 
aan den Rijn (Netherlands) designed by Lucien Kroll (L. Kroll Archive)
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Fig. 7 The sketch view of “Ecolonia” drawn by Lucien Kroll (L. Kroll Archive)

reduction in household energy use in an area with a continental climate ([4], 195) 
(Figs. 6 and 7).

Our research and investigations reveal that green urbanism based on sustainabil-
ity should be expected to include the following basic features beyond including 
“green” in the color palette: locally appropriate density, clear borders, integrated 
transportation, city and nature unity, climatic design, and energy. It is the “sustain-
able lifestyle” that we think is necessary for the conservation of these features and 
the sustainability of these features [7].

To put it simply, it is not possible to create a “green” city with low density and 
sparse textures dominated by unused spaces. What is important here is an integrated 
urban fabric with an appropriate density that is harmonious with the local climate 
and culture. In this way, agricultural areas outside the city will not be damaged, 
automobile fuel consumption and harmful substance (emissions) will decrease, and 
the local economy and social life will be strengthened due to the concentration of 
the people and their activities in the city.

Since ancient times, residential areas have been the basic unit of settlements. The 
mahalle, the traditional neighborhood unit, which determines the structure of the 
traditional Turkish (Ottoman) city, reflects the features to be learned in the context 
of sustainability as a social-spatial and recognizable module. It has high ecological 
efficiency, especially with its strong center and clear borders formed by a mostly 
production-oriented green belt [7]. Demarcated, recognizable settlements not only 
support ecological and social life but also encourage citizens to take more responsi-
bility for their care and development.

Positioning the diverse functions and services around a developed and offering 
public transportation system and considering pedestrian accessibility, including 
public spaces in the center that will support social life, creating a street pattern with 
a strong spatial definition, emphasizing the comfortable circulation of people, and 
attractive pedestrian areas, the city will increase the “walkability” feature, which is 
important for its ecology, and will keep the city center alive at all hours of the day.
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Integration with nature is the most important component of green urbanism. 
When the history of humanity is examined, it reflects the traces of the perfect har-
mony of the first examples of collective life with nature. In these examples, nature 
has been the main determinant of both the identity of the settlements and the physi-
cal boundaries of collective life. On the other hand, green spaces in a city contribute 
to human activities, climate, and ecological diversity without alienating people. 
Today, many European cities are trying to draw nature into the city and to establish 
physical and ecological connections between the urban structural areas and the sur-
rounding natural and green spaces. Wetlands, forests, feeding points of underground 
waters, etc., in the city form the city’s green infrastructure and are as important as 
structural elements because of the many benefits they provide (e.g., flood preven-
tion); to strengthen the city ecologically, it is imperative to protect them.

The practices that will provide ecological benefits within the scope of planning 
or renewing the city are the use of productive landscape elements such as fruit trees 
in the arteries in the residential areas and the integration of the shared gardens, 
where the people of the city can grow their vegetables, with the settlement plan. 
Local and small-scale food production will not only reduce the environmental pres-
sure caused by industrial agriculture but also form the main source for healthy 
nutrition.

 Towards Net Zero Buildings: The Seventy-Six, New York

The Seventy-Six, the second author’s awarded project in Albany, New York, is the 
brainchild of Corey Jones, a young African American developer, who is looking to 
create a new community from the ruins of the neighborhood he grew up in. Many 
environmental, economic, and cultural justice atrocities have confronted the people 
of Albany’s South End where the Seventy-Six is located. Things many of us take for 
granted – safety, savings, healthy food, available parents, and friends are difficult to 
find there.

The Seventy-Six intends to be the first triple net zero (energy, water, and waste) 
multifamily/mixed-use project in the United States and seeks to create a complete 
transformation of the area, including the creation of economic and environmental 
equity by integrating scalable ownership models into businesses and homes. A radi-
cally sustainable infrastructure with high-quality, affordable, and flexible housing 
that meets universal design and accessibility requirements that can accommodate 
aging, changes in family size, and alternative living arrangements. The design team 
consisted of ME Engineering, The Levy Group (sustainability consultants), Go 
Energy Link (alternative energy specialists), Steve Ostrowski (an inventor), and the 
architectural team began with a Skunk Works1 approach, a project developed by a 

1 A Skunk Works approach is the concept originally developed by Lockheed Martin, to quickly 
develop solutions by bypassing some of the time-consuming bureaucracy and allowing the team to 
make ad hoc decisions [1].
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Fig. 8 The rationale of the Seventy-Six, NY. (Source: J. Garrison Archive)

Fig. 9 The general view of the Seventy-Six, NY. (Source: J. Garrison Archive)

relatively small and loosely structured group of people who research and develop a 
project primarily for the sake of radical innovation.

It always seems as though, by its simple physicality architecture cannot affect 
meaningful social and environmental change. And although it has real limits, it is a 
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Fig. 10 The general layout of the Seventy-Six, NY. (Source: J. Garrison Archive)

great holistic enterprise that has the potential to create physical and cultural syner-
gies that transcend much more than we may think. The Seventy-Six begins with a 
recipe for community restoration through effective programming including the cre-
ation of affordable housing, coworking, and commercial space, permanent jobs, 
STEM (science, technology, engineering, and mathematics) learning centers by 
local institutions, urban gardening resources, aquaculture, daycare, and a novel 
fresh foods cooperative with surrounding farmsteads. At the same time, these 
socially motivated programs reduce the need for daily travel while they introduce 
biodiversity and locally sourced foods. Taken together with the organizational and 
technical requirements of a triple net zero development, health, equity, affordability, 
and ecological balance are mutually reinforced (Figs. 8, 9, and 10).

Green Urbanism with Genuine Green Architecture: Toward Net Zero System in New York



176

 Urban Context

The South End is in many ways typical of historically underprivileged, centrally 
located communities that exist in mid-sized cities throughout the United States. 
They are the remains of mid-twentieth-century suburbanization and are impover-
ished, low density, and bereft of available goods and services. In cities with robust 
twenty-first-century economies, these communities are often displaced by gentrifi-
cation. However, this is far from universal in a country with dramatic inequities in 
wealth and access. Consequently, the Seventy-Six can leverage location, affordable 
land, and accessibility with the introduction of significant density and programming 
designed to serve its existing and future population. This opportunity allows us to 
imagine a new urban reality as we look to create an economically and culturally 
integrated community without the neighborhood homogeneity of cities like 
New York.

 Equity

The South End will include both rental and ownership housing. Rental programs 
include market and subsidized rates. Homeownership is promoted and given its tax 
advantages and potential for personal and family equity generation and preserva-
tion. Purchase options include conventional co-op mortgages and limited equity 

Fig. 11 The adaptability with flexible modules in Seventy-Six, NY. (Source: J. Garrison Archive)
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programs for first-time purchasers. The limited equity model is inspired by London’s 
Hackney Council programs2 with multiple tiers and approaches to purchasing 
according to income and ability. At the Seventy-Six, affordability extends to retail 
and coworking spaces in recognition of the difficult economics of business startups.

 Adaptability

The Seventy-Six includes a typical mix of urban apartment types with one notable 
exception; flats can be separated and combined to address growing and shrinking 
families without requiring residents to leave their neighborhood or building.

The introduction of a micro-studio that can be combined with or used separately 
from a two-bedroom flat allows several living arrangements; it can expand to serve 
a growing family, an elderly relative, or a child seeking independence, or it can be 
separated to provide rental income or a low-cost alternative for a pensioner whose 
family no longer needs a full-sized apartment (Fig. 11).

 Permaculture

From the Permaculture Research Institute: “Permaculture integrates land, resources, 
people, and the environment through mutually beneficial synergies – imitating the 
no waste, closed-loop systems seen in diverse natural systems. Permaculture studies 
and applies holistic solutions that are applicable in rural and urban contexts at any 
scale. It is a multidisciplinary toolbox including agriculture, water harvesting and 
hydrology, energy, natural building, forestry, waste management, animal systems, 
aquaculture, appropriate technology, economics, and community development.” 
Permaculture informs the holistic approach of the Seventy-Six as its more tradi-
tional meaning has led to urban forms of regenerative agriculture. As the prolifera-
tion of autoimmune diseases in the developed world has been linked to sanitized and 
hermetic living conditions, we now look to create a complete ecosystem in all archi-
tectural settings. To this end, every apartment in the Seventy-Six is outfitted with 
irrigated planters integrated into continuous terraces. Vertical farming support is 
provided to residents via an on-site agricultural resource center that advises regard-
ing appropriate plant species and growing conditions as well as providing gardening 
tools, seeds, and stems.

2 https://hackney.gov.uk/affordable-home-ownership
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 Recycling

Recycling programs are often stymied by the limited market for recycled materials, 
the lack of easy and available receptacles for multiple material streams, and the 
cooperation of residents. The Seventy-Six addresses these conditions by design, 
active management, and incentivizing residents to participate. Each flat includes 
four generous receptacles for composting, metals and plastics, paper, and incinera-
ble waste. Adjacent to each elevator core is generous recycling rooms with multiple 
receptacles that weigh individual waste contributions. Immediate elevator access 
and basement collection routes bring recycling to a central hub where it is prepared 
for pickup. Residents receive a monthly quantity statement via the building operat-
ing system and are rewarded with reductions in common charges. Management 
negotiates contracts with neighborhood community gardens for composting and 
recycling companies that demonstrate effective sorting and placement.

 Waste and Storm Water

While the northeast United States has, at this moment, an overabundance of rainfall 
that is changing its agricultural practices, its large urban centers require an extensive 
watershed and statutes to limit surrounding economic development to preserve 
water quality. This affects the economic growth of hundreds of communities and 
contributes to economic inequality. While this watershed is currently capable of 
providing high-quality water without filtration, it has seen steady deterioration due 
to land development. With filtration comes significant expense and an increasing tax 
burden for the communities that rely on this water. Subsequently, water, even when 
abundant, must be treated as the invaluable resource it is.

Like many older cities, Albany possesses a combined sewer system. This means 
that sewage and stormwater must share the same pipe. As storms and rainfall in the 
northeastern United States become increasingly intense, such systems are regularly 
overwhelmed and must release raw sewage into the surrounding water system. This 
has a direct impact on human health as pharmaceutical waste, viral matter, and 
microplastics are ingested by marine animals that contribute to the human food chain.

A net zero water program addresses such problems by treating each building and 
site as a closed loop. Such systems ideally recycle rainfall to supply all a building’s 
water needs. This is, however, impossible for high-density urban development 
where rainfall can only satisfy a portion of water demand. While supplemental 
water from the watershed is necessary for the Seventy-Six, all discharged wastewa-
ter is retained, treated on-site, and returned to the original water source in a con-
trolled manner.

The elements of this system are water-conserving fixtures, gray water recycling, 
on-site sewage filtration, stormwater retention, compactly constructed wetlands, 
and sufficient retention to eliminate storm surge contribution. Each of these 
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elements requires significant engineering expertise as water treatment is highly 
regulated, and appropriate systems are chosen based on first and operating cost, 
flow consistency and quantity, and available technologies. The water system of the 
Seventy-Six was designed in collaboration with the landscape ecology firm 
Biohabitats and the engineering firm ME.

 Energy Use

Solar radiation in the northeast United States typically generates adequate power 
through photovoltaic conversion to serve residential buildings up to three stories 
high when used in combination with significant conservation measures. As a high- 
density, mixed-use, urban development with seven floors of the residential area, 
ground floor commercial and community facility uses, and subgrade parking, the 
Seventy-Six presented what appeared to be an insurmountable challenge.

Recognizing that every available conservation means would be necessary to 
approach net zero, we began by employing aggressive-passive design strategies to 
control heat loss and heat gain and take maximum advantage of the northeast United 
States temperate spring and fall weather. By these means, we sought to increase the 
time during which apartments could be occupied without active heating or cooling 
to 4 months per year. Initial energy models revealed that more energy would be 
required to cool than heat the buildings. In response solar control, exterior envelope 
tuning and ventilation had to be optimized. Continuous south-facing balconies with 
integrated vertical farming were designed to completely shade south exposures 
while allowing low-angle winter sun to pass into apartments.

Fig. 12 Analysis of energy use in Seventy-Six, NY. (Source: J. Garrison Archive)
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US affordable residential economic models require extreme efficiency and virtu-
ally dictate double-loaded corridors. This limits apartments to a single exposure and 
eliminates the potential for cross ventilation. To create warm-weather comfort with-
out air conditioning, code-mandated ventilation air volume was made controllable 
and increased 20-fold. Inspired by Persian Wind Towers, large, vertical shafts are 
accessed from apartment corridors and extended above the roofs to generate air 
movement through buoyancy and prevailing winds. The shafts were also utilized for 
the module-to-module connections during erection and integrated with rooftop heat 
recovery ventilators with separate supply ducts to provide preheated ventilation air 
during winter months.

As energy consumption models were refined, multiple on-site energy production 
approaches were tested. Microturbines activated by water retained on roofs were 
modeled, as were façade-mounted piezoelectric devices activated by wind pressure 
and various wind turbine products and configurations. In each of these cases, energy 
output was insufficient to justify the cost of the devices. Single-axis rotating rooftop 
photovoltaic canopies were modeled and found to result in a 22% increase in elec-
trical output. Façade-mounted panels were distributed where direct low-angle sun-
light was available. Ultimately the optimized photovoltaic system was able to meet 
50% of the energy needs of the Seventy-Six (Fig. 12).

An analysis of solar thermal energy potential indicated that it could theoretically 
supply the balance of the project’s needs if rooftop space and energy storage were 
available. A thin, glycol-filled panel manufactured by the Sun Drum company 
(www.sundrumsolar.com) and designed to be placed directly below photovoltaic 
panels required no additional space. It also resulted in a 5% increase in photovoltaic 
efficiency due to the absorption of waste heat and subsequent cooling of the photo-
voltaics. Taken together the composite photovoltaic and solar thermal array can 
convert 80% of the sun’s energy for direct use.

However, without storage, solar thermal energy is unavailable when it can be 
most efficiently used. In response, the team identified borehole technology given its 
ability to store energy in geothermal wells on a seasonal basis. When combined with 
water-to-water heat pumps, the resulting geothermal energy can provide efficient 
heating in the winter months and stay within the limits of a net zero system.

 Conclusions

Early in the sustainability movement, many rejected the idea of “environmental bal-
ance” as an impossible goal that ignored the realities of the Anthropocene. Thirty 
years hence two questions remain: Can technological means save us from ecologi-
cal disaster, or will we fail without disruptive cultural, economic, and behavioral 
change? It is now clear that both are necessary.

Early evidence shows that, in creating urban and architectural settings, the envi-
ronment should not only be considered as supporting elements but also as essential 
elements of planning/ design, to reach a long-term and sustainable solution.
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“Green urbanism” based on sustainability should be expected to include the fol-
lowing basic features beyond including “green” in the color palette: locally appro-
priate density, clear borders, integrated transportation, city and nature unity, climatic 
design, and energy efficiency.

The outcome of the green urbanism debate would be incomplete without people 
who are aware of the significance of adopting an environmentally responsive living. 
The ecological citizenship or the ecologically concerned citizens are therefore con-
sidered the new dimension of green urbanism, as they can be the civil power making 
pressure to their local and/or governmental institutions regarding the promotion of 
environmentally conscious everyday practices such as energy-saving, water conser-
vation, waste management, recycling, green consumption, and sustainable transpor-
tation and movement in the city.

“Green architecture” targets to reduce the overall impact of the built environment 
on human health and the natural environment by efficiently using energy, water, and 
other resources, safeguarding user health, increasing employee productivity, and 
reducing waste, pollution, and physical deterioration. In this vein, the concept of the 
relationship between nature and the architecture as a design philosophy is restored, 
without resorting to superficial mimicry. The basic principles of green architecture 
include conformity of the building to its environs and to the climate, the use of 
renewable energy sources, the use of local and regional materials, the flexibility to 
adapt to changing conditions over time, and the rich variety of spaces extending 
from interior spaces to exterior spaces. Design with the climate and with a sense of 
place is an asset for ecological site design, as perfectly achieved in vernacular exam-
ples. In this context, the settlement plan and the block designs must form a cohesive 
and harmonious whole, in which the dwellers will feel at home in the literal sense 
of the world.

Over the last two decades, ecologically sensitive design approaches at the build-
ing scale have been understood better comparing to those at the urban scale, and 
there have been significant developments in the field, although the contemporary 
architectural practice in the developing countries is still lacking many aspects of 
sustainable building design. However, the absence of the urban or neighborhood 
scale in most of the environmental literature has been masked by the recent obses-
sion with “green” buildings, most of which look green on their facades but lack 
energy saving ideas, climate-sensitive design, the use of locally appropriate materi-
als, and so forth.

High-tech innovation and new sustainable technologies undoubtedly have an 
important role to play, but in an energy-depleted world, cities that can de-link from 
their dependence on these are likely to be more resilient. The emergence of the net 
zero buildings concept, taken holistically, anticipates the need to simultaneously 
disrupt and innovate even if, at this moment, our efforts remain largely technologi-
cal. Energy and conservation technologies are advancing rapidly though we often 
cannot take full advantage of them as the necessary cultural and economic commit-
ment remains wanting. Efforts to ascertain the real cost of human activity in envi-
ronmental terms are also advancing as we develop the tools and concepts necessary 
to measure environmental impact before we act. Projects such as the Dutch 
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nonprofit enterprise True Price are developing the means to assess the full environ-
mental impact of goods. The US engineering firm, Thornton Tomasetti, has devel-
oped digital tools to analyze the embodied and operational carbon content of 
buildings. Constraints and opportunities will always coexist though with a commit-
ted client and extraordinary architectural and engineering effort we can make sig-
nificant progress. We look forward to the day that we discuss the cost to build in 
human and environmental terms and create the buildings and communities we so 
desperately need.

While the Seventy-Six demonstrates that high-density operational net zero build-
ings are possible, they do not yet represent complete ecological balance. A true net 
zero building must also account for the energy required for its construction and 
physical maintenance. In the future, as we learn to accurately measure and predict 
the ecological consequences of our actions, we will be able to define just exactly 
what such a building requires. Human actions at their best are culturally intuitive. 
We proceed from a deep understanding of the values and priorities that inform our 
choices. Like the tennis player who overthinks their serve, it’s impossible to break 
down every action and act effectively at the same time. Architecture and construc-
tion are inseparable arts, and to employ them in the regeneration of ecological bal-
ance, our acts must become second nature.
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External Solar Shading Design 
for Low- Energy Buildings in Humid 
Temperate Climates

Seyedehmamak Salavatian

 Introduction

Energy crisis issues and the attraction of international associations toward energy 
use optimization, particularly in the building sector, lead to the development of pas-
sive design strategies which are properly integrated in the building preliminary 
design stage and introduced them as the most practical and economical building 
energy management methods. Passive techniques in terms of natural ventilation 
improvement, maximizing natural lighting, optimization of building form and ori-
entation, and applying the energy efficient materials are among them. Building 
envelopes are among the most crucial components; in the first step, thermal insula-
tion and heat loss control were considered, and in the second place, applying the 
optimized shading devices over the transparent areas was surveyed to adjust the 
solar radiation inside.

Solar control can be simply controlled by introducing optimized shading to mini-
mize solar transmission through glazing areas [1]. In the northern hemisphere, hori-
zontal layouts can considerably reduce the unpleasant solar heat on the southern 
windows during the warm season while allowing solar incidence on windows in 
wintertime [2]. Indeed, the louver design has to take into account window specifica-
tion and the geographical location and latitude which directly affect solar heat 
gain [3].

There is a complex system of classifying shading devices, but a simple grouping 
is based on their placement on the façade (external or internal) [4]. The literature 
review about external shading strategies is much extended. In the recent decades, 
several studies have been carried out to pinpoint the achievements regarding energy 
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saving by applying appropriate shading devices and showed shading systems results 
in energy saving and thermal comfort enhancement. Apart from the researches 
investigating daylight performance, some of studies focused on the building energy 
consumption affected by the shading design factors and declared that energy 
demand could be dramatically reduced depending on the shading design. In the 
majority of studies, some increases were observed in the lighting and heating energy 
load due to the shading application; nevertheless cooling energy and total energy 
consumption were reduced at the higher rate [5–7].

As one of the foremost studies, Datta illustrated the efficiency of external hori-
zontal louvers in reduction of the building cooling demand by 70% through the 
optimal design of parameters. External louvers diminish direct radiation into inside 
ambient and disperse the solar heat to outside [8]. Another research in 2010 studied 
the louver performance comprehensively in different locations, and louvers layout 
was considered to the energy saving obtained [3]. In a subsequent research the 
potential of energy saving of fixed devices including horizontal louvers was calcu-
lated by Yassin [9].

A number of researches attempted to provide accurate guidelines for louver 
shading design. Hammad and Abu-Hijleh investigated the energy consumption of 
external dynamic louvers, integrated to office building facades, in Abu Dhabi [10]. 
However, movable shading systems are also widely developed. There are serious 
concerns on their cost and functional performance, and fixed louvers performed bet-
ter in energy saving compared to dynamic ones [11].

Although numerous studies have been carried out to evaluate the advantages of 
external shading devices, most of researches are linked to the hot climates with a 
significant amount of solar gain; on the contrary, few studies are performed for 
moderate climates with medium amount of direct radiation. Therefore, there is a 
lack of specified guideline for designers to implement external devices for solar 
control in the aforesaid climates.

This chapter studies the benefits in annual energy consumption through install-
ing appropriate louver shading devices in residential buildings in a representative 
humid temperate climate located on the north side of Iran. In order to assure that 
louver positioning is effective, the louver spacing and inclination should be 
investigated.

 Climatic Region

In this chapter, a focused study is carried out to evaluate the effect of louver shading 
devices applied to the southern façade of a residential building in a city located in 
Csa zone in the northern area of Iran. The Guilan province is located in the northern 
part of the country. Guilan weather is generally mild, caused by the influences of 
both Alborz Mountains and Caspian Sea. This region has a humid temperate and 
Mediterranean climate with abundant annual rainfall and high relative humidity 
(between 40% and 100%), and its average temperature is 17 °C [12].
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The weather data of Rasht with the Latitude of 37°2′N and 49°6′E was utilized 
for the simulation as the representative of a temperate humid climate. The weather 
data are obtained from the meteorological files of EnergyPlus. The corresponding 
sun path chart of the abovementioned latitude was derived from Autodesk Ecotect 
Analysis as shown in Fig. 1.

As found in the psychrometric chart (Fig. 2), both cooling in summer and heating 
in winter are needed. Therefore, and in consideration to reduce solar gain and con-
sequently the cooling load, and probable heating load increase should be kept in 
mind. Thus, the optimization of the shading devices is done respecting annual pri-
mary energy loads.

Fig. 1 Annual sun path chart in Rasht [Autodesk Ecotect Analysis 2011]
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Fig. 2 “Givoni” bioclimatic chart of Rasht [Climate Consultant 6]

Table 1 Values of geometric features of louvers

Louver shading design parameters Design value

w = width of slats 100, 200, 300, 400 (mm)
h = vertical distance between slats 300, 500 (mm)
α = slat tilt 90, 60, 45, 30 (°)
d = distance from window 100, 300 (mm)

 Shading Device Variables

In countries of the north hemisphere, south, southeast, and southwest glazing 
facades require horizontal louvers. A model for a window with common propor-
tional dimensions was applied. A shading control strategy based on horizontal lou-
vers was proposed, and in this regard, a number of technical solutions were evaluated 
to obtain the most efficient louver design. It is considered that the optimal slat 
dimensions, placement, and angle are achieved as the shading design guideline in 
this climatic zone.

Table 1 shows different increments taken to evaluate various shading systems 
according to the existing specification sheets of a reliable national manufacturer 
[13]. The slats are made of extruded aluminum with opaque surface. Figure 3 sche-
matically shows the initial louver section, made of aluminum. The abovementioned 
values taken for geometric parameters of louvers generated 32 different scenarios.
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Fig. 3 Configuration of the louver shading system [13]

Fig. 4 View of the building model. Left: 3D view. Right: Plan view

 Building Description

The case of study proposed in this paper is a four-story apartment building, as the 
most typical allowed building blocks in the urban zones of the selected city. It con-
sists of four residential units (each in every floor) with the approximate net area of 
120 m2 and gross area of 145 m2 (Fig. 4). Each unit includes three bedrooms with 
the floor-to-floor height of 3.40 m. Detailed building characteristics and external 
wall configuration are presented in Tables 2 and 3, respectively.
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Table 2 Major characteristics of the building

Building details Descriptions Building details Descriptions

Function Residential Net floor area 120 m2

No of story 4 stories over piloti Gross floor area 145 m2

Floor area per capita 18.5 m2 Window type Double glazed
Clr pane,6 mm air gap

Floor height 3.40 m Window-to-wall ratio 30%

External walls and window glazing type are according to the common practice in 
the construction sector of the region and also conform to the national building regu-
lation requirements and the reference U-value attributed to the external wall of con-
ditioned spaces, unconditioned spaces, and glazing [14]. The total wall thickness 
and the overall U-value are 0.27 m and 1.0 W/mK, respectively.

Table 3 shows the input setting based on ASHRAE standard 90.1 which is the 
energy standard for buildings except low-rise residential buildings that set the mini-
mum requirements for the energy performance of building elements [15]. This 
building uses the electricity for cooling and lighting and gas for heating, and the 
total site energy consumption is taken for the building energy analysis. Site energy 
consumption can be useful to understand the performance of the building and build-
ing system [16].The building site energy is typically measured by the utility meters 
and is the total of the electrical, gas, and other energies delivered to the facility. Site 
energy consumption can be useful to understand the performance of the building 
and building system.

 Simulation Tool

Simulation method is generally utilized to optimize the shading system design fea-
tures. There are different simulation tools for thermal analysis, and Design Builder 
is one of the most utilized in the literature, and its reliability has been validated in 
previous studies. Design Builder as an integral and interface system provides rea-
sonable accuracy in calculation of energy consumption [17], and designers are able 
to analyze energy performance of buildings by considering climatic data and other 
building characteristics in this software [18] (Fig. 5 and Table 4).

 Results and Discussion

Cooling and heating energy consumption values of all louver scenarios were calcu-
lated with the Design Builder software for south-facing windows in order to deter-
mine the tendency of variations corresponding to slat width, tilt, and spacing as well 
as the most energy-efficient scenarios.
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Table 3 Construction features of the tested building

Wall layer Thickness 
(m)

Conductivity (W/mK)

Brickwork (OUT) 0.10 0.84
Air gap 0.025 –
Mineral Wool 0.025 0.038
Brickwork (IN) 0.10 0.62
Plaster 0.015 0.16

Fig. 5 Configuration of Louver parameters in Design Builder

• Evaluation of scenarios according to slat width

For the louvers installed with 30 cm spacing and are perpendicular to the window 
(α = 0°) (Fig. 6, left side), as the slat width increases from 100 cm to 400 cm, cool-
ing energy reduced about 40%; although heating load had a rise of 13%, an amount 
of 14% reduction was observed in the total energy load. In the sloping angle of 
(α = 60°), the cooling load reduction reached to 42%; likewise heating energy had a 
growth of 16%, meanwhile the total energy showed a reduction of 18%.

The same findings are valid for the right side figure (louver installation at 50 cm 
spacing), and the variations follow the same tendency.

• Evaluation of Scenarios According to Slat Tilt

Figure 7 presents information on the energy consumption values (KW/m2) 
according to the louver slat slope in the angles 0f (0°), (30°), (45°), and (60°). In the 
analysis of this test, it can be noted that at the installation of (α = 30°), keeping the 
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Table 4 The input information applied for residential use in Design Builder

Parameters Values/description Parameters Values/description

Heating fuel Natural gas Cooling fuel Electric power
Heating set point temp 20 °C Cooling set point temp 25 °C
Infiltration rate 0.7 ac/h Window opening 50%
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Fig. 6 Effect of slat width on the cooling (C), heating (H), and total (C + H) energy consumption; 
left: for scenarios with 30 cm spacing, right: for scenarios with 50 cm spacing

width as a constant parameter, a reasonable reduction in cooling energy and total 
energy is showed. The reference points are highlighted in the graphs.

There are no noticeable differences between the two states of louver distances 
(left and right side of Fig. 7).

• Evaluation of Scenarios According to Slat Spacing

The pair scenarios next to each other in the bar chart (Fig. 8) are identical in all 
design parameters except for the louver spacing (or the number of louver across the 
window height). Although cooling and total energy have decreased moving from 
left to the right of the chart – due to the scenarios with wider slats – there is no sig-
nificant difference between two pair bars. Contrarily, the percentage of window 
covering achieved by slat tilt and width is the most effective determinant in energy 
load balance.

Among all the tested scenarios, T16 provided the highest saving (42%) in cool-
ing energy consumption, while T17 provided the least saving and presented the 
largest cooling energy consumption (the louver type specifications are given in 
Table 5). T16 also ends in the greatest total energy saving (14%). It is found out that 
in each series of data with constant width, the rise in slat tilt ends in larger window 
coverage and obviously reduces the cooling load to a significant amount (Fig. 9).

As the main purpose of using shading device is to reduce cooling energy con-
sumption, potential of the louver design in reducing cooling energy load is a princi-
pal decision factor. However, slats 200 and 300 cm wide can be preferred instead of 
the most optimized one (400 cm) since they are less obstructing the view.
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Fig. 7 Effect of slat tilt on the cooling (C), heating (H), and total (C + H) energy consumption; 
left: for scenarios with 30 cm spacing, right: for scenarios with 50 cm spacing
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Fig. 8 Effect of slat spacing on the cooling (C), heating (H), and total (C + H) energy consumption

As observed in Fig. 10, the minimum and maximum data points were analyzed 
in two states of 10 cm and 30 cm distance from window in Tn and Tn−1, respectively. 
Louver distance from window has insignificant effects on the energy use.

Accordingly, it can be concluded that remarkable energy savings can be achieved 
by improving windows shield.
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Table 5 Geometrical specifications of louvers

No of 
scenario

Slat spacing 
(cm)

Slat width 
(cm)

Slat tilt 
(°)

No of 
scenario

Slat spacing 
(cm)

Slat width 
(cm)

Slat tilt 
(°)

T1 30 100 0 T17 50 100 0
T2 30 100 30 T18 50 100 30
T3 30 100 45 T19 50 100 45
T4 30 100 60 T20 50 100 60
T5 30 200 0 T21 50 200 0
T6 30 200 30 T22 50 200 30
T7 30 200 45 T23 50 200 45
T8 30 200 60 T24 50 200 60
T9 30 300 0 T25 50 300 0
T10 30 300 30 T26 50 300 30
T11 30 300 45 T27 50 300 45
T12 30 300 60 T28 50 300 60
T13 30 400 0 T29 50 400 0
T14 30 400 30 T30 50 400 30
T15 30 400 45 T31 50 400 45
T16 30 400 60 T32 50 400 60
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Fig. 9 Comparison of all scenarios in terms of cooling (C), heating (H), and total (C + H) energy 
consumption
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Fig. 10 Effects of distance from window on the cooling (C), heating (H), and total (C + H) energy 
consumption

 Conclusion

The performance of the louver shading devices for the south façade of typical resi-
dential apartment buildings was evaluated in a city representative of humid temper-
ate climates. Horizontal louver configurations, based on different values in the slat 
tilt, width, and spacing, were applied to the south-facing window and analyzed zone 
energy load affected by different louver installations.

Results show that louver devices are able to improve building energy balance and 
provide noticeable savings. Findings in the energy balance are directly influenced 
by the window coverage percentage obtained by higher sloping angles and wider 
slats. In all scenarios reduction in cooling loads is accompanied by an increase in 
heating needs. However, savings in cooling energy (40% in the upmost state) 
resulted in 20% higher heating load while showing acceptable decreases (up to 
13%) in the sum of cooling and heating.

As found out by the results of this study, geometric parameters are determining 
factors in humid temperate climates and affect the building energy load which need 
to be considered simultaneously as a horizontal shading system is designed for 
south-facing facades.
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What It Takes to Go Net Zero: Why Aren’t 
We There Yet?

Carolina Ganem-Karlen, Gustavo Javier Barea-Paci, 
and Soledad Elisa Andreoni-Trentacoste

 Introduction: Net Zero in the Building Industry: Why Aren’t 
We There Yet?

Net zero is intrinsically a scientific concept. It is just a number, begging the ques-
tion, ‘net zero what?’ For CO2, the answer emerged in the late 2000s from under-
standing what it would take to halt the increase in global average surface temperature 
due to CO2 emissions. If the objective is to keep the rise in global average tempera-
tures within certain limits, physics implies that there is a finite budget of carbon 
dioxide that is allowed into the atmosphere, alongside other greenhouse gases. 
Beyond this budget, any further release must be balanced by removal into sinks [1].

The acceptable temperature rise is a societal choice but one informed by climate 
science. Under the Paris Agreement, 197 countries have agreed to limit global 
warming to well below 2  °C and make efforts to limit it to 1.5  °C. Meeting the 
1.5  °C goal with 50% probability translates into a remaining carbon budget of 
400–800 GtCO2. Staying within this carbon budget requires CO2 emissions to peak 
before 2030 and fall to net zero by around 2050 [2].

To limit climate change to 1.5 °C, global carbon emissions from energy supply 
and demand need to be reduced, and any remaining carbon emissions may need to 
be offset to prevent further warming. Carbon neutrality in the building industry can 
be achieved by lowering energy consumption with energy efficiency measures in 
the entire life cycle of a building and, at the same time, by generating energy from 
renewable sources to cover the baseline energy demand.
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Notably, net zero energy systems imply using less energy overall and/or using 
energy more efficiently, as well as shifting to low-carbon energy sources (e.g. 
renewable energy) and technologies (e.g. solar water heater/electric vehicle). It is 
therefore crucial to find the sweet spot in the balance between lowering energy use 
on the one side and generating renewable energy on the other side.

However, net zero is much more than a scientific concept or a technically deter-
mined target. It is also a frame of reference through which global action against 
climate change can be (and is increasingly) structured and understood.

Achieving net zero requires implementation in varied social, political and eco-
nomic spheres. There are numerous ethical judgements, social concerns, political 
interests, fairness dimensions, economic considerations and technology transitions 
that need to be navigated and several political, economic, legal and behavioural 
pitfalls that could derail a successful implementation of net zero [1].

The financial, socio-economic and environmental costs of switching from fossil 
fuels to solar electricity, or other renewable energy sources, eventually need to be 
offset by savings or new ‘benefit streams’. Some scenarios carry the risk that for one 
or more of the indicators the balance never moves into the positive.

Moreover, net zero energy systems are not limited to one type of behaviour, tech-
nology or region. Instead, it is a system-level transition of a global scale that requires 
multiple solutions tailored to different cultural, economic, geographic, historical, 
political and social structures across different countries and regions [3].

It is imperative to understand what motivates people to change their behaviours 
to reduce carbon emissions and what influences public acceptability and adoption of 
low-carbon technologies and energy system changes. Therefore, human dimensions 
are at the heart of net zero energy systems, and the conjunction of aspects must 
contribute setting the agenda for future research.

This chapter discusses four key challenges to achieve net zero in the building 
industry: (1) the global challenge referred to climate change and future climates 
according to the 6th IPCC report, (2) the technical challenge related mainly to the 
achievement of net zero energy parameters in new and existing buildings and the 
difficulties to certify energy efficiency in a massive attempt, (3) the social challenge 
contending with the human angle of net zero perception and commitment (different 
net zero configurations imply different system and lifestyle changes, and strongly 
depends on people supporting and adopting these changes) (4) the future challenge 
in the next transition from the building itself to a low carbon community and energy- 
positive buildings.

 The Global Challenge: Climate Change and Future Climates

About 100 years ago, only 14% of the population lived in cities, and in 1950, less 
than 30% of the world population was urban [4]. Nowadays, around 3.5 billion 
people live in urban areas around the world, and by 2050 more than two-thirds of 
the urban population will live in cities [5].
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Today, at least 170 cities support more than one million inhabitants each. The 
situation is even more dramatic in developing countries. Already, 23 of the 34 cities 
with more than five million inhabitants are in developing countries, and 11 of those 
cities have populations of between 20 and 30 million inhabitants. Estimations show 
that urban populations will occupy 80% of the total world population in 2100 [6].

Since the 1950s many of the changes observed are unprecedented. Numerous 
studies by the Intergovernmental Panel on Climate Change (IPCC) confirm that 
climate change is caused by human activity and warn that the associated risks are 
significant. Its latest report [7] states that global surface temperatures will continue 
to rise until at least mid-century under all emissions scenarios studied. Global 
warming of 1.5 °C and 2 °C above pre-industrial levels will be exceeded during the 
twenty-first century unless there are deep reductions in CO2 and other greenhouse 
gas emissions in the coming decades.

The Intergovernmental Panel on Climate Change has developed climate scenar-
ios to improve our understanding of how future climate might change [8]. In the 5th 
Assessment Report (AR5), four emissions scenarios called Representative 
Concentration Pathways (RCPs) were published. These emissions scenarios are 
incorporated into general circulation models (GCMs) and regional circulation mod-
els (RCMs), which are models used to understand climate behaviour and to forecast 
likely changes [9]. GCMs/RCMs simulate changes in climate over time and illus-
trate how the components of climate (surface, atmospheric and oceanic) interact 
with each other to develop an understanding of its variability. They are called pro-
jections because future GHG emissions are unknown. Projections present a snap-
shot of the possibilities that may occur in the future based on the current state of 
emissions and assumptions about socio-economic factors such as population, eco-
nomic and technological developments [10].

Recently, a group of experts from the IPCC [11] set out the results of their assess-
ment of the impact of climate change (1 °C increase above pre-industrial levels in 
2017) and the associated risks of exposure of natural and human systems to climate 
hazards. The same study also shows how these risks would increase significantly 
under the scenario of a 1.5 °C increase between 2030 and 2052.

While it is theoretically possible that we can keep global warming under 1.5 °C 
above pre-industrial temperatures, that task is monumental. In fact, models struggle 
to generate future scenarios that ‘keep’ warming below 1.5 °C but can pull tempera-
tures back under 1.5 °C after they have overshot that target. Even then, some of 
these models assume that there has been a global carbon tax in place since 2010 
(and there has not) [12].

Robbie Andrews’ statements are based on IPCC [7] and GCP [13] projections, in 
which constant emissions for 8 years will use up the remaining carbon budget. In his 
projections of CO2 mitigation curves, assuming a 1.5 °C increment in temperatures 
by 2100 (Fig. 1) shows a rate of about 4%/year if mitigation would have started 
in 2000.

Keeping global surface temperatures no more than 1.5 °C above pre-industrial 
levels entails primarily achieving near zero greenhouse gas (GHG) emissions by 
2050. Fossil fuels became the main source of energy after the industrial revolution. 
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Fig. 1 CO2 mitigation curves:1.5 °C [12]

Today, the burning of fossil fuels such as coal, oil or gas is the cause of about three 
quarters of global greenhouse gas emissions. They are also the largest source of air 
pollution [14].

If we suppose a scenario in which mitigation starts in 2020, monumental mitiga-
tion rates will be required. Since such steep mitigation is impossible, the only way 
to achieve this budget is with very large ‘negative’ emissions. That is, pulling CO2 
out of the atmosphere. Frankhauser et al. [1] state that carbon dioxide removal will 
probably be constrained by cost considerations and geopolitical factors, as well as 
by biological, geological, technological and institutional limitations on our ability 
to remove carbon from the atmosphere and store it durably and safely.

Moreover, Dyke et al. [15] emphasise that there are also concerns about moral 
hazard risks arising from an over-reliance on carbon removal strategies, which may 
enable business as usual rather than the drastic scaling back of fossil fuel use.

Figures 1 and 2 present historical emissions to 2017 from CDIAC/Global Carbon 
Project, projection to 2018 from Global Carbon Project [13].

In Fig. 2 are shown mitigation curves assuming a 2 °C increment in temperatures 
by 2100. In this scenario, constant emissions for 10 years lead to a required mitiga-
tion rate of 10%/year. If we suppose mitigation has started in 2020, the required 
mitigation rate is about 6%/year. And if mitigation would have started in 2000, it 
would have required mitigation rates of about 2%/year.

This second temporal scenario presents better chances of achievement, but also 
depending on the models used to estimate global greenhouse gas emissions, there 
are even greater risks if the increase in global warming reaches or exceeds 2 °C. Heat 
waves, which already affect agricultural systems and human health, are projected to 
become more intense and prolonged. Some regions will suffer an increased risk of 
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Fig. 2 CO2 mitigation curves: 2 °C [12]

drought, while others will be severely affected by severe flooding due to increased 
rainfall intensity, frequency and volume.

In order to slow the advance of climate change and thus preserve people’s health, 
it is essential to aim for a reduction in energy consumption and a transition to renew-
able energy sources. It is vital to implement measures in the short term, given that 
under current consumption patterns, global energy consumption is expected to 
increase by 27% by 2040.

Among other aspects, a range of possibilities associated to the building industry 
should be considered: the integration into the architectural envelope of small-scale 
renewable energy producing systems (photovoltaic and solar thermal) and passive 
conditioning strategies (thermal insulating materials, materials with thermal inertia, 
absorptive, reflective and selective materials, thermo-economic balances, use of 
thermal energy in industry, etc.).

Therefore, the identification and application of methodologies to decrease the 
energy demands of buildings is very important given the global energy challenges 
as well as the imminent consequences of climate change. Technologies that are 
applied for efficient energy use in buildings with payback periods for the consumer 
of less than 5 years have the economic potential to reduce carbon emissions by 25% 
by 2020 and up to 40% by 2050.

In the face of the global challenge scenarios related to climate change and future 
climates, the first measures should be the adjustment of bioclimatic strategies for 
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buildings based on in situ measurements and computational simulations and the 
quantification of the impact towards climate change and future climates of new and 
retrofitted buildings, using IPCC climate models.

 The Technical Challenge: Net Zero in the Building Industry

The construction sector is one of the main causes of pollution, due to the excessive 
emissions released into the environment as a result of the processes of heating and 
cooling systems in buildings. Therefore, a turnaround is required, entrusted to the 
design of new buildings with a reduced annual energy requirement, supported by 
the inclusion of systems powered by renewable energy sources (RES) [16].

According to the International Energy Agency [17], the energy intensity per 
square metre of the building sector needs to improve by 30% by 2030 to meet the 
climate targets of the Paris Agreement. This will require almost doubling the current 
energy performance of buildings and means that nearly zero energy buildings 
(nZEB) need to become the global standard in the next decade. At the same time, 
there is a clear need to invest in the energy renovation of existing buildings.

Most contemporary authors agree that the building stock is inexorably aging, 
composed of 75% buildings built before 1990, and the replacement of existing 
building stock by new (environmentally sound) construction is in the order of 1.2% 
per year [18–22].

This situation leads to the assumption that, in the case that the current regulations 
consider adequate standards for new building, the negative impacts due to energy 
consumption and polluting emissions in cities due to the permanence of a large 
amount of existing building stock would be little reduced. It is important to keep in 
mind that in a decades-long perspective, the remaining buildings of the twentieth 
century will cause most of the environmental impacts in cities.

For this reason, improvements to the existing building stock will be the only way 
in which the benefits of energy efficiency will be made available to the majority of 
the population, and absolute reductions in domestic energy use and carbon emis-
sions can be achieved. Increasing energy efficiency is the fastest and least costly 
way to meet the challenges of energy security, the environment and the economy. 
This fact leaves the main responsibility to the refurbishment of existing buildings, 
and this is a very complex task.

Another difficulty to overcome is related to passive design as we know it. As a 
response to the last century energy crisis, passive strategies have been an interesting 
approach. With the aim of displacing fossil fuels for space conditioning and light-
ing, the design of construction and shape of the building itself play major roles in 
capturing, storing and distributing wind and solar energy.

But there are limits to passive design today, and these limits will be greater con-
strains to the maintenance of interior temperatures within acceptable parameters in 
the future’s more extreme climatic conditions, even with the complementary use of 
auxiliary energy. A key question is whether a particular energy-optimised design 
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under the present climate and use conditions would remain energy optimised in the 
future emission scenarios.

Extreme hot climates will become even hotter, and the possibilities of using pas-
sive strategies will be further reduced. The use of renewable energy as a primary 
response to extreme weather conditions will be a constant in many regions of the 
world, and passive design criteria in these cases will be an accompanying factor in 
reducing energy demand.

However, there will be nuances, and in complex climates with significant daily 
and seasonal temperature variations, passive design still presents itself as a viable 
alternative in the future. However, consideration of dynamic forward projections 
will allow for flexibility and adaptation to future changes, as opposed to the static 
simplification of current passive design recommendations.

In the case of temperate continental climates, throughout the twentieth century 
and specifically since the energy crisis of the 1970s, research into passive or low- 
energy strategies that contribute to the thermal conditioning of buildings in winter 
has been a priority. Well into the twenty-first century, the urban heat island is a well- 
known and sufficiently studied phenomenon, which, together with the prospective 
climate scenarios proposed by the IPCC for the next 50–80 years, redirects the dis-
ciplinary field to give priority to research on the thermal and energy situation of 
buildings in summer.

These changes not only imply a sustained increase in temperature values but also 
a change in the relationship between daily maximum and minimum temperatures, 
which were the methodological basis for the application of passive cooling strate-
gies such as night-time ventilation. In other words, an effective and massive assess-
ment of the current condition of existing buildings and their likely future behaviour 
is necessary in order to reorient energy efficiency and passive cooling strategies. 
Only in this way will it be possible to make accurate recommendations from aca-
demia to decision-making bodies for the implementation of public policies that will 
ensure the resilience of our cities throughout the twenty-first century (coinciding 
with the estimated useful life of buildings).

As an example, it is presented a study performed for the city of Mendoza, 
Argentina (south latitude −33°9′, west longitude 69°15′, elevation 1.950 m above 
sea level), a continental temperate cold desert climate (Bwk, according to Koeppen) 
[24] in which is shown how the different climate change projected scenarios could 
impact on passive strategies effectiveness.

Notice in Fig. 3 that, in a sun, shading of windows and cooling with dehumidifi-
cation will be crucial in a years’ perspective in summer. And in winter passive strat-
egies such as passive solar direct gain will lose importance as climate will be 
warmer [23].

Based on the obtained results for the Metropolitan Area of Mendoza, the impact 
of climate change on urban microclimate and expected changes in energy consump-
tion of buildings during the next century will present new challenges. The heat 
waves with respect to the present will be more extensive and are estimated to be 
incremented in 115 more days by 2050 [25].
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Fig. 3 Percentage of hours in a year where the different passive strategies are recommended for 
the city of Mendoza in RCP 4.5 and RCP 8.5 (2050 and 2100) [23]

42.70
48.10 46.60 45.28

0.00
5.00

10.00
15.00
20.00
25.00
30.00
35.00
40.00
45.00
50.00
55.00

1 2 3 4
SCENARIOS

CO
NS

UM
PT

IO
N
kW

h/
m
2

Fig. 4 Total energy consumption results for each scenario [23]

C. Ganem-Karlen et al.



203

The previous analyses on passive strategies show a clear tendency to the incre-
ment of cooling loads and a reduction of the heating requirement. Moreover, when 
heating and cooling needs are added in a single figure, it is interesting to analyse the 
whole energy consumption trends. In the case under study, as well as similar con-
structions, total energy consumption presents maximum variation of less than 10% 
when compared with the worst-case scenario 4: CRP 8.5 (2100). See Fig. 4.

It is important to take into account that even though consumptions seem similar 
and variations are perceived as low between scenarios, the main aspect to discuss is 
in the use of the energy required. In the current situation prevails energy consump-
tion for heating with 57.5% of the total, mainly covered by using natural gas as 
auxiliary energy. While in the worst scenario, predominates energy consumption for 
cooling with 77.8% of the total, mainly covered by using electricity.

A third aspect to consider is that the application of energy savings measures in 
related directly with the people that manage them, and how the risks related to cli-
mate change are underestimated. There is a tendency to be unduly optimistic about 
the likelihood of adverse events occurring, and ‘follow the herd’, such that our 
choices are often influenced by other people’s behaviour, especially under condi-
tions of uncertainty. It is important to take responsibility for the impact associated 
with our way of living; this involves a commitment to reduce the negative effects 
that our actions can cause in the future.

 The Social Challenge: Net Zero Perception and Commitment

Change – including climate change – is inherent to planet Earth, which, over its bil-
lions of years of history, has undergone much more intense changes [26]. However, 
there are two characteristics of current climate change that make the associated 
global biophysical and social impacts unique in the history of the planet: the speed 
and intensity with which this change is taking place, in such a short space of time 
for the evolution of the planet as decades, and human activity as a driver of all these 
changes.

It is almost a self-evident fact to remember that societies are constantly chang-
ing, although sometimes more evolutionary (slow) and sometimes more revolution-
ary (fast). The speed of change in societies is a key factor for the analysis of social 
impact, especially in terms of its interrelation with the biogeophysical environment, 
since a large part of the problem of so-called climate change is being produced by 
the high speed of social change in contemporary societies (e.g., the increase in the 
demand for energy and basic resources), which produces pressures on the biogeo-
physical environment, whose possibilities for renewal of resources and, above all, 
for ‘integration’ of toxic and hazardous waste require a much longer time and a 
slower speed of pressure.

The social impact or consequences of global change is ultimately what will result 
from the interactions between changes in the biophysical environment and changes 
in the specific social environment. However, these interactions are almost never 
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direct, as they are also – and mainly – mediated by the various spheres of social 
activity, including social organisation (economy, social relations, norms, values, 
etc.) and technology.

Human activities on earth impact globally in such a way that a virus initially 
spread in the city of Wuhan in China in December 2019 caused the death of 
4,962,000 people worldwide by September 2021. In March 2020, the WHO declared 
a COVID-19 pandemic, with 437,923,303 people infected with the virus world-
wide. Governments in all countries immediately took steps to contain the spread of 
the virus by implementing collective actions that would drastically change the way 
we relate to each other. The closure of schools and public buildings, the cancellation 
of flights, the wearing of face masks, and the closing of restaurants and entertain-
ment venues, among many others.

What has happened shows that global challenges can be met with massive behav-
ioural responses by governments and citizens, especially if they are implemented 
immediately. At the same time, there is an opportunity for people to recognise that 
our individual actions cause global impacts, both positive and negative.

Numerous studies now draw parallels between the pandemic and another global 
externality, climate change. Similarities have been found between the two issues, 
mainly in the negative effects on developing countries. Both the impacts of the cur-
rent pandemic and many consequences of climate change, such as more frequent 
and intense natural disasters, can be characterised as low probability-high conse-
quences (LP-HC) risks. Recent studies [27] show that people underestimate LP-HC 
risks, such as climate change and COVID-19, until they experience the conse-
quences themselves or see the life of a close friend or family member affected. 
People are likely to make decisions focusing on the low probability of a disaster 
happening to them or its possible consequences, rather than making a rational 
assessment of the overall risk. Many climate change-related risks, such as natural 
disasters, have a low probability that individuals simplify to being zero or falling 
below their threshold level of concern. The same case occurs with pandemics.

However, there are striking similarities between the climate and COVID-19 cri-
ses; they also differ in many fundamental ways, including the speed at which they 
develop [28]. The COVID-19 crisis can both occur and be controlled rapidly, in 
comparison to the more slowly looming climate crisis, whose impacts may be even 
greater. There are no safe climate change vaccines or potential treatments to be 
developed that could ‘solve’ the climate crisis, and any activities aiming for the 
reversal of climate change would likely take decades or more before coming to frui-
tion. The COVID-19 crisis shows us the importance of prevention and early action, 
and this may be even more important in averting the worst outcomes of climate crisis.

Even though it is important to take immediate action on the occurrence of an 
event that involves an imminent risk, it is even more important to be prepared before 
the effects are devastating. Many factors lead to delay response, related to emotional 
reactions and cognitive biases such as the failure of the human mind to grasp the 
concept of exponential growth and the misperception of risk [29]. Several other 
biases lead people to ignore the potential consequences of a looming event. The 
‘simplification bias’ implies that individuals view the likelihood of LP-HC events as 
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falling below their threshold level of concern and fail to take risk reduction mea-
sures, unless they experience the impacts of a disaster according to the ‘availabil-
ity bias’.

As with COVID-19, it will be important for political leaders at the national, state 
and local levels in every country in the entire world to recognise cognitive biases 
and turn to experts for advice on how to deal with the impacts of climate change. 
Addressing the ‘simplification and availability biases’ necessitates the development 
of communication strategies that stress the consequences of risks associated with 
climate change and COVID-19 to ensure that individuals start paying attention. The 
need to accelerate climate action can be managed by linking policies and measures 
that are currently adopted to limit the risks from pandemics to actions that also 
reduce the risks from climate change.

In an image that has now gone viral (Fig. 5), cartoonist Graeme Mackay reflects 
how society takes action in the face of imminent risks, currently the pandemic, pay-
ing less attention to those they consider less urgent, such as climate change. The 
associated impacts would also be devastating for human life and ecosystems. 
However, many of the actions that can be implemented in the future to prevent a 
new pandemic can also help combat climate change and vice versa.

Fig. 5 Viral cartoon of Graeme Mackay with the message: “Be sure you wash your hands and all 
will be well” [30]
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Society’s response to the COVID-19 pandemic crisis has demonstrated convinc-
ingly that people can adapt quickly and change habits and incorporate new ones if 
there is an imminent threat. It is therefore possible to believe that achieving behav-
ioural changes in people that aim to mitigate climate change is a feasible reality.

 The Future Challenge: From the Building Itself 
to a Low- Carbon Community – Energy-Positive Buildings

Our remaining carbon budget to keep warming under 1.5  °C is tiny. Modelling 
shows the ‘best’ way to achieve this is by actively removing CO2 from the atmo-
sphere: ‘negative emissions’. Doing this allows more room for actual, positive emis-
sions. Various technologies are being explored, as well as good, old-fashioned tree 
planting, but all have significant limits. It is partly this hope in future technologies – 
technological optimism – that delays action [12].

Figure 6 presents projections based in the functional form from Raupach et al. 
[31] for positive emissions, adding residual, hard-to-mitigate emissions of 5% of the 
current level, and negative emissions using the ramp of a cosine function. Σ indi-
cates the cumulative emissions in 2019–2100. Global cumulative CO2 emissions 
budgets are from the IPCC Special Report on 1.5  °C: 420 GtCO2 for a 66% of 
1.5 °C and 1170 GtCO2 for a 66% of 2 °C [32].

If this was actually possible, and the positive and negative emissions on Fig. 6 in 
2100 were to continue beyond 2100, we would begin to pull the global temperature 
increase back under 1.5 °C.

Mitigation curves describe approximately exponential decay pathways such that 
the quota is never exceeded [31]. But note that these are not exponential pathways: 

Fig. 6 Projections based in the functional form from for positive emissions [31]
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the rate of mitigation is not the same every year. This comes from a recognition that 
an oil tanker cannot turn on a dime: we have enormous infrastructure (social, politi-
cal, physical) that cannot be changed overnight. So these curves allow for some 
inertia in the early years of mitigation.

A further step is represented by the possibility of connecting the individual 
NZEBs to an intelligent energy distribution network, also called smart grids. 
Positive energy buildings (PEBs) could be a new target, through their contribution 
to the energy support of other buildings connected to them, producing more energy 
than necessary to their needs. A system of units connected together at the neigh-
bourhood level, aiming of achieving neutrality or, in extreme cases, energy positiv-
ity is the next challenge. The buildings will thus become collectors and energy 
storage structures [16].

According to Carlisle et al. [33], the net zero energy community (NZEC) is to be 
considered by four following perspectives:

 – The central energy system should consist of renewable energy sources and will 
accommodate the energy for the whole community.

 – The percentage of energy loss should be kept in mind to deliver the energy.
 – The financial aspects of the community should be considered.
 – The environmental impacts including GHGs emissions are to be considered.

Ulla et al. [34] reviewed 23 case studies of net zero energy communities around 
the globe revealing that they mainly focus on the onsite energy generation. Solar 
energy is the widely used renewable energy resources for NZEC, as 22 settlements 
have considered utilising it. Beside the solar energy, wind energy is the second most 
popular renewable energy source, while geothermal energy, biogas plants and other 
sources are not considered significantly.

NZEC components are highlighted in the Fig. 7. It is also clear that energy stor-
age, management, and control systems are also the vital parts of the NZES to 
increase the self-consumption and reduce the cost and size of energy generation and 
supply systems [35].

Fig. 7 The various components of a NZEC. Ulla et al. [34]
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The impacts of climate zones and building types have influenced the selection 
methods of these building adaptation tools and techniques along with the renew-
able. Among them, 17 settlements additionally consider various adaptation tech-
niques that have significantly lessened the energy demand of the buildings. However, 
some case studies did not thoroughly consider the adaptation tools and new tech-
nologies for the adaptation of buildings. A few studies (four settlements only) incor-
porate some mitigation strategies to mitigate the outdoor heat sources that enable to 
lower the ambient temperature along with diminishing the GHGs emissions as well 
as minimising the energy demand of the community.

Therefore, to establish the NZEC, further efforts can be given to the follow-
ing areas:

 – Mitigation strategies to reduce the ambient temperature, especially for the settle-
ments at hot climate zones, such as vegetation, water bodies, natural cool graves 
and highly reflective asphalt.

 – Adaptation of the buildings with high-performance materials would be a promis-
ing option to reduce the energy demand and improve the indoor air quality as 
well as control the indoor temperature of the buildings.

 – Diversified use of renewables: The solar energy (PV and thermal collector) and 
wind energy are mainly considered as renewable energy resources.

 Discussion: Our Role in the Transition to Net Zero: We Must 
Be There as Soon as Possible

Despite being a widely used term, sustainability is a concept that acquires different 
connotations according to its interpretation. In its most basic meaning it is under-
stood as ‘maintaining the status quo and not disappearing’ [36]. Maintaining the 
status quo, however, translates into a notion that avoids or mitigates change [37]. 
Thinking of sustainability as ‘longevity’ is another way of approaching the concept, 
meaning ‘the longer the system can be maintained, the more sustainable it is’ 
[38, 39].

Leach et al. [40] define sustainability as the “capacity to maintain over an indefi-
nite period of time specific qualities of well-being, social equity and environmental 
integrity” and argue that, while the concept of sustainability focuses on reducing 
negative impacts on the environment to avoid change, the concept of resilience is 
about adapting to change.

Holling [41] introduced the term resilience as a measure of the persistence of a 
system and the ability to absorb change and still maintain the same relationships 
between variables. The twenty-first century requires buildings to be not only sus-
tainable but also resilient, that is, not contributing to the deterioration of the envi-
ronment but also flexible to change as here are changes in climate that will be 
inevitable in the future.
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Even if emissions of carbon dioxide and other pollutants were to be drastically 
reduced, these climate scenarios would not change much until 2040 because gas 
concentrations remain in the atmosphere for a long time and thermal adjustment is 
slow. In other words, over the next 30 years the outlook is inexorable, and we must 
prepare to adapt finding means to achieve net zero in the building industry.

Therefore, net zero commitments are not an alternative to urgent and comprehen-
sive emissions cuts. Indeed, net zero demands greater focus on eliminating difficult 
emissions sources than has so far been the case. The ‘net’ in net zero is essential, but 
the need for social and environmental integrity imposes firm constraints on the 
scope, timing and governance of both carbon dioxide removal and carbon offsets. It 
is possible to align net zero with sustainable development objectives, allow for dif-
ferent stages of development and secure zero-carbon prosperity [1].

From an economic perspective, while NZEBs require higher investment costs, 
there are much greater long-term benefits, both in micro- and macro-perspectives. 
For NZEBs generating power on site, the speed of reaching the payback period may 
be influenced by the local feed-in tariff structure.

Preferential government policies, such as tax subsidies, will help make NZEBs 
more economically attractive. Financing opportunities can be found in various 
investment schemes, such as green bonds and green investments. Making these 
more accessible to the general population can help accelerate the adoption of the 
NZEB concept in each country.

Also, different net zero configurations imply different system and lifestyle 
changes and strongly depend on people supporting and adopting these changes. 
Behaviour change by individuals, commercial entities, and policy makers is critical 
to achieving net zero in all domains [42]. People’s knowledge of which behaviours 
generate the most greenhouse gases is generally poor. It is important to develop new 
communication strategies to ensure that individuals start paying attention.

While legislative mechanisms, geographical and climatic conditions are essential 
factors, it is the technological applications and innovations that are at the heart of 

Fig. 8 The NZEB model according to EPBD indications [16]
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the design of an NZEB. These apply to both the energy generation and energy sav-
ing characteristics of a building [43, 44].

The introduction of the NZEB target in the building design will encourage a 
decrease in the amount of energy required, thus abandoning fossil fuels [45]. A 
graphical interpretation of the NZEB energy balance is indicated in the scheme of 
Fig. 8. With fairly limited options for on-site renewable energy generation systems, 
it is crucial that NZEBs diversify in design and energy efficiency technologies.

It is important to take into account that no single technology alone, negative 
emission technologies included, can reduce global warming to 1.5  °C.  There is 
agreement among climate scientists that reducing overall energy demand, using 
energy more efficiently and shifting to cleaner energy sources and technologies, is 
critical for reducing global carbon emissions. Changes in everyday energy behav-
iours of individuals and households, in particular, behaviours related to mobility, 
housing and food, have a substantial potential to reduce carbon emissions.

Real progress is frozen until a solution is found that works for (almost) everyone 
at (almost) the same time. Our role in the transition to net zero is that energy- 
positive buildings and low-carbon communities will become the new normal, and at 
the same time, we will grow more connected on a human scale.
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The Integrated Design Studio as a Means 
to Achieve Zero Net Energy Buildings

Khaled A. Al-Sallal, Ariel Gomez, and Ghulam Qadir

 Introduction

This chapter discusses the authors’ philosophy about the notion of the integrated 
design studio (IDS) and explains their methodologies that support the operation of 
the IDS. Achieving a zero net energy (ZNE) design has always been a main consid-
eration when teaching the course “ARCH-430: Integrated Building Design Studio” 
at the Architectural Engineering Department, UAE University. The course was 
developed by the chapter’s author and others throughout many years. It is described 
in the syllabus as follows: “it develops a comprehensive design process with focus 
on systems design and integration of a mixed-use building, issues of technology, 
ecology and energy. Exercises focus on the design of building systems and compo-
nents, building structural design, building codes, design for safety in buildings, 
architectural expression, integration strategies and applications involving the 
mechanical, electrical, energy, and building management systems.”

The chapter highlights a specific experience that took place in 2018, when the 
students of the ARCH-430 participated in the reputable MultiComfort House 
Student Contest, Edition 2018, by Saint Gobain [3]. Although the contest did not 
stipulate ZNE as an obligation to win, the instructors (authors of this chapter) 
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encouraged their students to consider it in their participation. They believed it would 
represent a great incentive for the participating students to generate their best 
designs under support from the course’s instructors and direction from the studio’s 
professor (i.e., first author). Achieving a ZNE target in the extreme hot climate of 
Dubai was a real challenge. Whether the students achieve it or come very close to it, 
the real merit was not really in reaching to the exact zero number as much as it was 
in the great learning experience the students attained and the enjoyment they felt 
when they found themselves capable of challenging such a tough design problem. 
The great efforts made by everybody were highly rewarded when the students won 
the third prize in the contest, and their faces were glowing with success smiles.

 Background

 The Global Energy Problem

Fast urbanization and higher need of habitat for more people in urban areas in addi-
tion to enhanced lifestyle of the people demands increasing levels of energy every 
year. Most of the world energy is still produced by nonrenewable sources of power 
generation that are major contributors of greenhouse gas (GHG) emission, out of 
which carbon dioxide (CO2) is crucial. Buildings consume more energy than any 
other sector (nearly half of all energy produced in the USA and 20–40% of the total 
energy consumption in Europe) [1]. Around 75% of all the electricity is used just to 
operate buildings in the USA. Moreover, the International Energy Agency (EIA) 
indicated that the energy consumption of the building sector is expected to grow 
faster than that of industry or transportation [2]. Reducing energy demand through 
building efficiency is significantly cheaper than producing the same amount of 
energy by coal or nuclear power. The top four end- uses in the commercial sector are 
space lighting (20%), space heating (16%), space cooling (14.5%), and ventilation 
(9%). All together they represent 60% of commercial primary energy consump-
tion [2].

In hot-climate countries, energy needs for cooling can amount to two or three 
times those for heating on an annual basis. The UAE was ranked among the highest 
energy consumers per capita in the entire world due to its high electrical consump-
tion that was almost 127,000-gigawatt-hours (GWh) in 2017 [4]. Most electrical 
energy in the UAE in 2018 was generated from natural gas-fired [5]. The buildings’ 
sector is responsible for 80% of the total consumed energy in the UAE [6]. In very 
hot climates such as in the UAE, 40% of the total cooling energy can be utilized to 
offset heat gains from walls and roofs, and it could reach 75% when combined with 
the glazing effect [7].

The Efficient World Scenario (EWS), developed for the World Energy Outlook 
2012 (WEO-2012), enabled quantifying the implications on the economy, environ-
ment, and energy security when taking major steps toward energy efficiency 
(WEO-2012: [8]). It was developed to help in putting policies in place to allow the 
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market to realize the potential of energy efficiency measures that are economically 
viable. For the building sector, the potential viable measures were divided into six 
categories (Fig. 1) based on consultation with a large number of companies, experts, 
and research institutions at national and international levels. It also involved the 
conduction of an extensive literature search to catalogue the technologies that are 
now in use in different parts of the world, as well as judgment of their probable 
evolution. These measures represented technical potentials identifying key tech-
nologies to improve energy efficiency in the building sector.

 Low Carbon Strategies

Designing a new green building requires estimating CO2 equivalent emission foot-
print. The calculations of the CO2 emissions are usually simple and based on the use 
of emissions factors. Computing the reduction in emissions associated with energy 
conservation measures for existing buildings has been proposed [9]. Calculation of 
the greenhouse gas emissions should be based on source energy and not on energy 
consumed onsite alone. A good reference source for emission factors is contained in 
a National Renewable Energy Laboratory (NREL) report released in 2007 [10].

When searching for design solutions to improve sustainability, it is important to 
give priority to tackle problems that contribute the most to building carbon emis-
sions. The common use of excessively glazed envelopes especially in commercial 
buildings is a major problem due to the cause of substantial thermal loads. To make 
considerable reductions of building carbon emissions, it is necessary to minimize 
building energy by improving the thermal performance of the envelope. A saving of 
carbon emission of 31–36% can be achieved via retrofitting and the selection of 
appropriate U-factors for building envelope materials [11]. Reuse, recycling, and 
regeneration of building energy together can save up to 10% of total energy; which 
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subsequently mitigates further emissions. The architectural design and how it is 
integrated with lighting design are other common problems leading to high carbon 
emissions and high electrical power demands, especially in office buildings and 
schools. The problems are caused mostly by the inappropriate designs for the archi-
tectural form, the floor-plate, and other design factors, which necessitate the use of 
electrical lighting, rather than natural lighting that eventually leads to increased 
internal heat gains and cooling loads.

Building systems are usually categorized as passive systems, active systems, 
integrated (passive and active) systems, water conservation strategies, wastewater 
and sewage recycling systems, and power generation systems. Available strategies 
that would substantially reduce building GHG emissions can be divided into three 
general categories (Table 1): (1) the planning and design strategies, (2) the building 
envelope and material and equipment selection, and (3) the added technologies cat-
egory [12]. The factors affecting the buildings’ energy performance were discussed 
in numerous studies [13–17]. The notion of creating zero net energy (ZNE) building 
can only be realized by maximizing reliance on passive and low-energy systems 
while minimizing reliance on active systems. Technically, this is done through an 
appropriate design of the built-form configuration, site layout, façade design, solar- 
control devices, daylight strategies, envelope materials, vertical landscaping, pas-
sive cooling and heating strategies, water-efficient systems, and onsite renewable 

Table 1 Available strategies that can substantially reduce building sector GHG emissions

Planning and design strategies

Building envelope and 
material and equipment 
selection Added technology

Building shape, orientation, 
and color
Spatial layout
Window shape and orientation
Daylighting
Natural ventilation
Exterior shading
Vegetation and microclimate 
control
Passive solar heating systems
Night-vent and night-sky 
radiation cooling systems
Double-envelope systems
Common wall design strategies
Building and unit density
Mixed-use development
Pedestrian- and transit-oriented 
development (reduced miles 
traveled)

Adequate insulation values
Radiant barriers
Low-e coatings and argon 
gas-filled glazing
Thermal break windows and 
systems and movable 
insulation
Sunlight and daylight fixtures 
and systems
Cool roofs
Green roofs
Occupancy and CO2 sensors
Daylighting controls and 
photo sensors
Energy management systems
High-efficiency equipment, 
lighting and appliances
Geothermal heat pump
Air-to-air heat exchangers 
and heat recovery systems
Building commissioning

Solar hot water heating
Photovoltaic systems
Micro-wind electric generation
Community-scale solar 
thermal, wind, and biomass 
electric generation
Combined heat and power 
systems

Source: Kharecha et al. [12]
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energy systems [18]. The following sections include discussions on the strategies 
and technologies that help achieve the ZNE building.

 Passive and Low-Energy Cooling Systems

Passive and low-energy cooling systems help save cooling energy and operation 
costs, but it might add costs for construction. These costs can be minimized if the 
architect succeeds first in minimizing building heat gains so that the remaining cool-
ing requirements can be limited and hence covered by using passive systems. 
Minimizing heat gains through architectural design can be done by choosing and 
designing a site that helps improve the microclimate around the building, develop-
ing a building form that helps shade itself and reduce exposure to the sun, arranging 
the building spaces to receive only the desirable environmental factors (e.g., desir-
able breezes) while blocking undesirable ones (e.g., intense afternoon west sun), 
shading the building envelope and openings using porches and shading devices, 
painting or cladding the building envelope with light colors, using high-resistance 
thermal insulation to minimize heat transfer by conduction, and maximizing reli-
ance on daylighting and using energy-efficient lights and equipment to control 
internal heat gains. After determining the sources of heat and applying methods for 
minimizing heat gains through architectural design, passive and low-energy sys-
tems can be applied. The process starts by identifying the sources of coolness (or 
heat sinks) available in the natural environment and then choosing the passive sys-
tems that have greater potential to utilize these sources. The passive cooling systems 
are usually divided into three main categories: (1) systems that are more effective in 
hot and arid regions, (2) systems that depend on airflow systems for comfort cool-
ing, and (3) systems that have potential to mitigate discomfort problems due to high 
humidity levels in warm and humid climates [19].

 HVAC Equipment

Climate, building function, and design decisions determine whether heating, cool-
ing, or both are needed for a given building. The interactions between climate and 
function, which is extremely affected by building layout and enclosure, are varied 
and complicated [20]. The major divisions of the HVAC equipment include source, 
distribution, delivery, and control components. These, respectively, produce heating 
and/or cooling effect, move this effect around a building, introduce it into the spaces 
being conditioned, and regulate the magnitude and timing of such effects [21]. The 
source components in an HVAC system are intended to provide heat (heating effect), 
coolth (cooling effect), and/or both. There are several fundamental options for cool-
ing effect sources [22]. The three basic (nonpassive) means of producing a cooling 
effect for a building are vapor compression refrigeration, absorption refrigeration, 
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and evaporative cooling [23]. The most thermally efficient (potentially approaching 
infinity) and almost-carbon-neutral approach is evaporative cooling. Yet, it is sub-
stantially constrained by climate conditions (being most effective in hot dry cli-
mates), although its applicability can be extended by indirect equipment 
configurations. Evaporative cooling can also consume a fair amount of water in an 
arid climate, which is of concern in desert locations.

There are a number of HVAC systems and subsystems that are getting current 
attention by incorporation into high-performance building projects [23, 24]. These 
are as follows:

 1. Ground-source heat pumps
 2. Dedicated outdoor air systems (DOAS)
 3. Chilled beams
 4. Underfloor air distribution (UFAD)
 5. Ventilation air heat exchanger

 Lighting and Daylighting

Electric power consumption is largely attributed to lighting, around 34% of tertiary- 
sector electricity consumption, and 14% of residential consumption in OECD 
(Organization for Economic Co-operation and Development) countries according to 
a report by the International Energy Agency (IEA) in 2006 [25]. Energy-related 
greenhouse gas emissions are largely attributed to electric lighting in buildings due 
to buildings’ high dependence on electric lighting that is mainly generated from 
fossil fuels. Thus, shifting to daylight in buildings is one of the top priority solutions 
that need to be considered. A good daylight design can assist in the overall cutback 
of energy consumption of a building. This has been proven in numerous studies that 
showed potential energy savings ranging between 20 and 60% in office and retail 
buildings [26]. When combined with electric lighting controls in largely daylit 
spaces, daylighting can reduce electric lighting energy consumption by up to 
30–80%. Diminishing lighting energy can also be beneficial in saving cooling load 
energies, particularly in climates that require heavy cooling. For instance, reducing 
100 W of lighting energy translates to 30 W of cooling energy being saved.

 Teaching the IDS

 IDS Challenges

In the Integrated Design Studio (IDS), students learn how to develop a comprehen-
sive design approach in which the design and performance evaluation are practiced 
in one integrated process. The design goal is to resolve a challenging problem with 
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multifaceted issues (social, cultural, functional, environmental, energy, human com-
fort, etc.). High consideration is given to the integration of sustainable technologies 
(passive and active) into the building construction components. To tackle the design 
challenges, the students must complete several design/analysis assignments that 
focus on the site/weather, case studies, cultural and heritage background, architec-
tural expression, construction systems and components, building codes, structural 
design, design for safety, and integration strategies involving the mechanical, elec-
trical, energy, and building management systems. The instructors train them how to 
use and integrate various tools such as 2D/3D CAD, digital fabrication, energy 
simulation, artificial sky, heliodons, and advanced photography.

The main challenges for the instructors are:

• How to create a learning environment that inspires students to gain new knowl-
edge through their own choice and encounter broad experiences similar to those 
that could be faced in real life after they graduate.

• How to develop a comprehensive process for a mixed-use complex building in 
the design studio that stimulates creative architectural thinking and in the mean-
time helps students tackle the highly technical problems of the construction and 
engineering systems.

To manage the studio operation and progress of the students’ work effectively, 
the IDS is taught by a teaching team:

 1. A senior professor in architectural design with deep knowledge of building per-
formance simulation who acts as the main advisor of the studio.

 2. One or two highly experienced engineering instructors in environmental control 
issues including building energy, lighting, and carbon emissions.

 3. A junior teaching assistant usually a master’s or Ph.D. student who helps in fol-
lowing up the progress of the projects’ development.

 4. Other faculty members who possess expertise on other areas such as structural 
design. This is done with prior arrangement between the studio professor and 
faculty who show interest in sharing the experience with the studio team.

 Teaching Philosophy

The student is the center of the learning process; therefore, it is always more fitting 
to describe the process as a “learning” rather than a “teaching” process. From the 
student’s perspective “to learn” means to explore new unknown facts, i.e., the dis-
covery of new knowledge through acts motivated by the teachers, who basically act 
here as learning facilitators. Learning is similar to research, except that research is 
about exploration of new facts, or unveiling of new unknown knowledge, while 
learning is about re-exploration of a previously revealed knowledge  – often by 
someone else – to a new person who seeks to learn it, i.e., the student. In school, 
research and learning are applied in one integrated process in which the student is 
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the center of this process. Therefore, the goal of the IDS can be seen as to support 
this procedure through well-planned activities that use efficient delivery methods, 
with the support of IT systems, which all take place in a highly inspiring studio 
environment.

 Teaching Objectives

 1. Develop students’ sense of responsibility toward saving the environment, energy, 
natural resources, and appreciation for cultural values and heritage.

 2. Broaden the students’ scope of knowledge to fully realize that design is an inte-
grated teamwork process done by professionals/experts in several areas, includ-
ing architecture, construction, and technology, and leads to achieving the goal of 
sustainable development.

 3. Raise the level of students’ technical knowledge and improve their self- 
confidence in the technical aspects of architectural design.

 4. Help students become proficient in discovering several alternatives of design 
solutions to a technical problem through analysis of building systems’ perfor-
mance and integration and equip students with advanced, rigorous simulation 
tools to evaluate design impacts on human needs and building performance.

 How Objectives Are Achieved

To achieve objective 1, the instructors include mini lectures on international and 
regional protocols and policies that respond to environmental issues and their rela-
tion to the building and construction industry. Policies that are established locally, 
which are more fitting to the culture and environment, are highlighted to the stu-
dents, and their consideration is emphasized. Other mini lectures are designed to 
make students aware of different kinds of real case studies, some of which are 
selected to show problems caused by irresponsible practices as opposed to other 
ones that show innovative design solutions.

To achieve objective 2, the instructors include mini lectures on the meaning and 
goals of sustainable development and sustainable design and the integrated design 
process layout, components, and stakeholders. They design assignments and term 
projects that give students opportunities to work in teams, learn from their experi-
ences, and resolve any teamwork conflicts. They also train them on how to phase in 
design solutions using planning and project management techniques. Depending on 
the problem, they are sometimes advised to divide a design problem into segments 
and apply the induction discovery method (IDM). The IDM helps in improving the 
designer’s focus of attention by seeking alternative solutions for each segment of 
the problem separately and evaluate them and then, in a later stage, integrate the 
most promising solutions and resolve any conflicts between them.
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To achieve objective 3, the instructors explain through presentations and giving 
examples how design and performance analysis should go hand in hand until design 
goals are achieved. Depending on the academic level of the students and the prereq-
uisite or corequisite of the course, sometimes the instructors are obliged to give mini 
lectures and application assignments to the students on some or all of the following 
subjects:

• Theories and principles of building science physics and foundations of heat 
transfer

• Thermal and lighting behavior in buildings and the effect of different materials 
and components

• How to calculate design loads (e.g., heating and cooling loads, lighting load) 
based on specifications for the designed spaces and activities/tasks

• How to size and optimize systems based on cost and energy cutdowns

To achieve objective 4, the instructors organize for the students training work-
shops and hands-on training on the following subjects:

• How to set design criteria and targets for high-performance buildings based on 
codes and standards and how to explore and verify solutions based on engineer-
ing criteria.

• How to operate and get reliable results from a range of simulation and analysis 
tools (from simplified to most rigorous) that help during the conceptual design 
and up to the final design development.

• How to infer and discuss results, establish correlations among different vari-
ables, and show and present significant findings.

 Teaching Methodologies

Table 2 outlines the teaching methods that are applied in the IDS. Each methodol-
ogy is accomplished by a number of planned actions by the instructors and assigned 
students’ activities as described in the second column.

 Building Systems and Integration

In the prerequisite courses prior to ARCH-430, the students learn the building 
mechanical and lighting systems. They also learn the HVAC fundamental options 
and how they present a wide range of thermal efficiencies and carbon emissions. 
This can be outlined as follows:

• The major divisions of the HVAC equipment that include source, distribution, 
delivery, and control components.
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Table 2 Teaching methodologies with corresponding instructors’ actions and students activities

Applied 
method Instructors’ actions & students’ activities

Self-learning Distribute list of reading assignments, request student’s expanded readings
Assignments on case studies, site and context, and functional analyses
Assignments on students’ thoughts and exchanging of views in pre-planned 
seminar-like discussions

Knowledge 
inquiry

Develop preplanned sessions with stimulus material for opening inquiry sessions
Depend on a number of technologies, such as images, presentations, animations, 
videos, data shows, and multimedia systems in class

Creative 
thinking

Identify obstacles that limit the student’s creativity, which could be due to the 
complex nature of the project, inappropriate design studio environment, 
limitations of the attempted design method, lack of information, or a 
combination of any of these.
Teach nontypical methods of discovery:
   The deduction discovery method (for more complex problems) helps improve 

the student’s focus of attention toward the most general/important design 
issues that have greater impact on the final results while delaying the tiny 
details to later stages after a cohesive concept has been developed

   The induction discovery method (for simpler problems) helps in solving 
functional relationships; one might start with designing the components 
internally (e.g., design a classroom based on design standards for functional 
space size, proportion, and furniture layout) then proceed to the more general 
issues such as space zoning that achieve higher efficiency among relationships 
of spaces and types of circulations.

Cooperative 
learning

Divide students into a number of design teams
Design assignments for teamwork
Teamwork involves collection of data, literature review, analysis, synthesis of 
ideas, evaluation, and presentation of reports and final drawings

Performative 
design

Train students to integrate simulation in design using a number of tools: Revit, 
Radiance, DIVA for Rhino, eQuest, DesignBuilder, Enerwin, Ecotect, Climate 
Consultant, and Weather tool
Use simulation to demonstrate complex concepts/systems to students that can 
make a considerable difference in enhancing students’ skills in design and 
performance verification
Develop assignments to engage students in laboratory/field experimental work 
involving physical simulation and data measurement activities using artificial 
sky, heliodons, microscopic enhanced digital cameras suitable for architectural 
models, luminance and illuminance meters with photometric sensors and data 
loggers, thermal cameras, etc.

Model- 
making

Train students to create physical models to verify the design performance (such 
as daylight) of a major space in their projects using physical simulators based on 
some predefined design targets (such as Lux level, or DA300lux-50%)

Projects’ 
exhibitions

Create a wider learning environment by organizing exhibitions that show 
students’ projects
Encourage students to participate in the events and engage in discussions to 
improve their self-confidence and capabilities of socializing with the public

(continued)
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• How heating and/or cooling effect is produced, moved around a building, and 
introduced into the spaces being conditioned and how the magnitude and timing 
of such effects are regulated.

• The source components in an HVAC system that provide heat (heating effect), 
coolth (cooling effect), and/or both.

• The three basic means of producing a cooling effect for a building: vapor com-
pression refrigeration, absorption refrigeration, and evaporative cooling.

During the ARCH-430, the students learn how the end results of the interactions 
between climate and building function will lead to the required capacity and load 
factors for heating and cooling equipment. They employ computer simulations to 
determine both capacity and projected energy consumption. A demand for a high- 
performance ZNE building suggests the wisdom of using such simulations itera-
tively to optimize building and HVAC system coordination rather than simply using 
a simulation as a one-pass system sizing tool.

In any green building, especially the ones aiming to achieve ZNE, systems inte-
gration is vitally critical. Many aspects of integration need to be considered by the 
students of the IDS. The first one is to examine the owner’s project requirements 
(OPR) for possibilities of HVAC integration. The student team needs to compare the 
characteristics of the many possible options for HVAC systems with the criteria 
contained in the OPR document as this will ensure that the system can provide the 
outcomes anticipated by the project client [27]. They also should check the capabili-
ties of a potential HVAC system against the demands and opportunities presented by 
the project site climate. They study in their projects many possibilities, such as look-
ing at solar resources relative to heat source options, soil temperatures relative to 
ground-source heat pump options, and relative humidity relative to the potential for 
evaporative cooling and/or the applicability of cooling towers versus air-cooled 
condensers.

It is exceedingly important to integrate the HVAC system with the many and 
diverse aspects of the architecture of a ZNE building. The HVAC system should 
mitigate the effects of the exterior environment that are allowed to enter the building 
through the building envelope. The students learn through computer simulation how 
the less successful the envelope design lead to greater load on the HVAC system and 
how the high loads result in high energy consumption and high carbon emission. 
The computer simulation helps students optimize the architecture of the envelope 

Table 2 (continued)

Applied 
method Instructors’ actions & students’ activities

Outdoor 
activities

Organize field trips for students to learn from vernacular architecture
Organize field trips for students to learn from real projects that have achieved 
green building ratings or international design awards
Develop assignments that engage students in site visits to collect project data, 
take photographs, record information related to sites or buildings, test physical 
models in the outdoor environment for solar access/shading, experience/measure 
daylighting, and/or sketch existing buildings/landscape
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design that lead to minimum load on the HVAC. They also comprehend through 
simulation how the architectural design decisions will affect other interior loads 
such as electric lighting and, to a lesser extent, plug loads. Conceptually speaking, 
the loads that are handled by an HVAC system can be categorized as heating, cool-
ing, lighting, and plug load related. In very hot climates, the heating load is almost 
zero, and the cooling load is extremely high while the lighting load can also be very 
high, as that depends on the building size and function though. At this point, the 
students realize the likely distribution of these loads, which assist them in designing 
appropriate and efficient HVAC systems.

Another major area of integration of HVAC systems that the students deal with 
is with other building support systems, such as the electrical, structural, and fire 
protection systems. They learn here how to coordinate spatially in the drawings the 
structural system components (e.g., columns and beams) with the HVAC ducts and 
other distribution elements. It can also involve design philosophies regarding expo-
sure of support system components. The fire protection systems require also inte-
gration at several levels; the most important and complex one is the conceptual 
coordination of system interactions during emergency events.

 MultiComfort House Student Contest 2018

 Aim

The MultiComfort House is an annual contest open for students of architecture, 
design, and construction engineering or other disciplines from universities in coun-
tries where the contest is organized [3]. Participation is open for all students from 
1st to 6th year of study as an individual or as teams. Upon request of the local 
SAINT-GOBAIN organization and depending on the specificity of the countries, up 
to 3 members per team can be accepted. The competition is structured in two (2) 
stages: national stages followed by an international stage, where the best projects 
from each country are invited.

The aim of the contest is to spread the message for the need of integration of 
energy efficiency, sustainable design, and MultiComfort concept in the contempo-
rary architecture planning and building process and to underline the importance of 
the different dimensions of comfort (thermal, acoustic, indoor air quality, visual). 
The task for the 14th International Edition of the contest as developed by ISOVER 
in close collaboration with Dubai Municipality and Dubai Properties Group is the 
development of a vision for a transcultural vibrant community located in the perim-
eter of Cultural Village of Dubai.
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 Project Site in the Cultural Village

The traditional ship in the local UAE dialect is called Dhow. The dhows (or Al 
Boom) are traditional timber ships used to sail between the shores of the Arabian 
Gulf to East Africa, India, and China since the eleventh century A.C. The area of the 
site is called Al-Jaddaf, which literally means The Rower. It has been known as the 
place for constructing the dhows. Unfortunately, this beautiful tradition of dhow 
building has been increasingly diminishing in the last two decades because the need 
for such old-fashioned ships has become so limited. The modern urbanization plans 
of Dubai gives priority to allocate the most attractive sites, especially those with 
historical significance at the waterfronts to projects that could achieve high momen-
tum to boost the tourism economy; indeed this site is one of them.

The Culture Village at Al Jaddaf encompasses four phases. The Saint-Gobain 
Contest Site is part of Phase-2 – a new thriving destination within Dubai, with a land 
area of 19 ha approximately and a total Gross Floor Area of 400,189 m2 [3]. The 
goal is to create a dynamic and vibrant development offering attraction to the resi-
dents and visitors while maximizing the benefits of the strategic public transport, 
proximity to the waterfront, and history of the site. Figure 2 shows the Cultural 
Village with the contest location.

 Task

The students are required to develop a vision for a transcultural vibrant community 
development located in the perimeter of Cultural Village 2 of Dubai [3]. The design 
will have to propose a viable combination of residential and public spaces (cultural, 
commercial, others) while respecting the plot characteristic and its history. Special 
focus will be given on the development of the sustainability dimensions as well as 
the comfort ones. The site allocated to the students is the E-001 parcel – orange part 
of the plan bellow (Fig. 3).

The main characteristic of the project parcel are as follows:

• Land mixed use: residential [88%] and retail [12%]

Fig. 2 The contest location and Cultural Village in Dubai [3]
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Fig. 3 The allocated site to the students [3]

• Plot area parcel: 26,936 sqm
• Maximum plot coverage: 62%
• Maximum GFA: 40,000 sqm
• Maximum building height: 45 m
• Residential apartment type: studio, 1–3 bedroom
• Number of units: 242
• Average surface per person is about 50–70 sqm

 The Students’ Project

 Project Brief/Design Goals

Create a sustainable architecture integrated into the urban space while responding to 
the Saint-Gobain MultiComfort criteria and taking into account the climatic condi-
tions and regional context of the site and Dubai City. The design should be sustain-
able and innovative (original and creative) and should drive the city further into 
sustainable development. It should create a dynamic and vibrant development offer-
ing attraction to the residents and visitors while maximizing the benefits of the 
strategic public transport, proximity to the waterfront, and history of the site. The 
design goals and expected outcomes of the project as outlined by the students design 
team are as follows:

• Sustainable transcultural vibrant community development
• Innovative green design
• Consideration of social, economic, and environmental aspects
• Considerable reduction of energy consumption (ZNE building)
• Comfort design development
• Architecture has to fit in the surrounding of the site
• Design proposes a viable combination of residential and public spaces (cultural, 

commercial, etc.) while respecting the plot characteristics and its history
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 Integrated Design Paradigm/Design Process

When designing a building, the students must deal with several specialty domains 
such as architectural, construction, structural, electrical, or mechanical design (see 
Fig. 4). In the design process, the design team collaborate together to achieve the 
project’s goals, which requires many sessions of planning, developing ideas, discus-
sions, and making decisions. At the end of the process, the efforts lead to assimila-
tion of the best ideas/results made in all the specialty modules to create one 
integrated design. The diagram in the left side of Fig. 4 shows seven design modules 
that each team of students in the IDS deal with and the tasks they have to accom-
plish in each module. The flow chart in the right side of Fig. 4 shows the design 
process from start to end. The blue nodes represent the kinds of effort or activities 
made by the design team, such as project definition (problem statement and objec-
tives), research and analysis, synthesis, evaluation, and design development. The 
white spinning cycle (i.e., the white circle with the arrows) is the core of the whole 
design process. It is basically a loop mechanism representing how students exert 
their most intensive efforts between the main design activities (i.e., synthesis, analy-
sis, evaluation, and development) to search for the most promising final design con-
cept. The red nodes represent the design specialty modules discussed previously. 
The green nodes are subareas within each design specialty module.

 Architectural Design Concept

The form was inspired by the shape of the traditional dhow. The site shape and 
geometry and the need to offer high visual access to the waterfront was the reason 
to divide the project into three major masses that included the residential apartments 
(Fig. 5).

The heights of the masses were stepped to maximize the views to the waterfront. 
They look together as three traditional dhows at the final stage of construction, 
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C O N C E P T  

DHOW CONSTRUCT ION

The site is currently used for the construction of traditional 
wooden boats (Dhow) and will be removed later on.

This is the only evidence of the historical use of the site. 
This spirit was implemented in the design
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Fig. 5 Development of the architectural design concept

almost ready to plunge into the gulf water. Like a real dhow hull, the building was 
designed to be thinner near the ground and gradually increase in width as it goes 
higher. It was also cladded on the west facade by brown wood logs, which gave the 
impression of a traditional dhow. The dhow form design along with the wood clad-
ding helped maximize solar shading and reduce heat. The dhow-like masses rest on 
a podium; which housed the functions that serve the public services such as an 
exhibition, a gym, shops, restaurants, and coffee shops. To ease circulation of the 
people, three bridges were designed to connect between the residential masses. To 
promote effective natural ventilation, several measures were taken into consider-
ation. One of them was the sparse massing and the form orientation that was made 
to infiltrate airflow in the site and building to increase opportunities for cross venti-
lation. Another one was the idea of placing several sky gardens at different floors 
that generate passive cooling.

 Improving Building’s Energy Performance

The students improved the building’s energy performance by using several passive 
and active systems. They managed to reduce the energy requirements up to 60% 
from the baseline case using the following strategies (Fig. 6):
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NET ZERO ENERGY DESIGN PV Panels

Roof Area Covered with PV Panels 1500 m2
Annual PV Panels potential 773,616 kWh

Results

Fig. 6 The process of achieving the ZNE building through optimized building design and improve-
ment of energy performance and use of renewable energy (PV system)

• Shading the roof and building skin
• High-performance envelope
• Natural ventilation assisted by sky gardens
• Optimizing form design for daylighting
• High-efficiency variable air volume (VAV) HVAC system

 Renewable Energy Using PV System

After considerable reduction of the building loads and energy, the problem became 
easier to the students to consider renewable energy systems and turn their design 
into an NZE building. They tested two options to cover the top surfaces of the build-
ing with PV panels; option 1 had 50% (1500 m2), while option 2 had 100% (3000 m2) 
of the total top surfaces of the building. The idea in option 1 was to install the PV 
panels on the roof of the top floor only (area = 1500 m2) while leaving the stepped 
masses (i.e., the terraces) open to the sky (i.e., no PV panels). The idea in option 2 
was to expand the PV panels’ coverage to include not only the roof of the top floor 
(area = 1500 m2) but also the stepped terraces (installed on sheds over the terraces). 
Option 1 was believed to give architecturally a more appealing design; furthermore, 
it would help lower the construction cost. On the other hand, option 2 would help 
achieve the target for an NZE building yet with higher construction costs. The 
images of the final design that appear in Appendix A show only option 1.

 Conclusion

Designing a ZNE building is a very challenging task even to experts. It requires 
many talents; most importantly are a creative architect’s mind, a great deal of engi-
neering knowledge and specialized skills, and a highly coordinated teamwork with 
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enormous determination and patience. The implemented IDS model is believed to 
have high potential in stimulating architectural students to acquire these talents. The 
success of the implemented model can be referred to the following:

• First, the course in which the IDS model was implemented was supported by a 
number of prerequisite/corequisite courses that taught the students the founda-
tion engineering knowledge and skills needed to deal with the technical aspects 
of design. The curriculum layout of the pedagogical program took into consider-
ation the flow of information from the prerequisites to the design studio.

• Second, the course was taught by a well-balanced team from architecture and 
two areas of engineering backgrounds.

• Third, the teaching team identified themselves as learning facilitators (rather 
than as typical teachers) whose major role was to encourage students by support-
ing the idea of providing a highly inspiring studio environment to them through 
well-planned activities.

• Fourth, the teaching team applied a variety of efficient knowledge delivery meth-
ods in the studio and through interactive educational IT systems that included 
self-learning, knowledge inquiry through stimulus material, creative thinking, 
cooperative learning through teamwork, performative design, model-making, 
projects’ exhibitions, and outdoor activities. They also supported the students 
with mini lectures and hands-on training to cover areas that were not very famil-
iar to them and improve their skills, especially in the advanced building perfor-
mance simulation area.
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 Appendices

 Appendix A: Slides of the Final Design

These are some of the slides the students produced to present their project in the 
contest.
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 Appendix B: Celebration Photos
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Indicators Toward Zero-Energy Houses 
for the Mediterranean Region

The Average Buildings as Means of Optimized 
Refurbishment Strategies for the Residential 
Buildings in Cyprus

Despina Serghides , Martha Katafygiotou, Ioanna Kyprianou, 
and Stella Dimitriou

 Introduction

The increasing energy demand already threatens the future of the planet, as 
researches show that 10% of the world population exploits 90% of energy resources 
[1]. Under this threat, the European Union aims to achieve a more sustainable future 
and therefore focuses on the existing building stock by identifying the potential 
energy conservation of the building sector.

In 2016, it was estimated that 45% of the energy produced in Europe for heating 
and cooling was used in the building sector, and 50% of air pollution was caused by 
the same sector [2]. The existing residential building stock exceeds by a large 
amount the number of newly built dwellings in most developed countries. Moreover, 
residential buildings are responsible for approximately 2/3 of the energy consump-
tion of the building sector [3]. While new buildings add at most 1% per year to the 
existing stock, the other 99% of the buildings are already built and produce about 
26% of the energy use-induced carbon emissions [4]. Thus, greater potential of 
energy savings can be achieved in the existing residential buildings than the newly 
built structures.

The improvement of the energy performance of existing residential stock in 
every country is essential because the operational cost, energy consumption, and 
carbon dioxide emissions are major issues worldwide. The paper is based on 
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information laid out by the European, IEE Episcope Project [5], and focuses on the 
possibilities of effective energy refurbishment studies through the determination of 
a set of average buildings. Although average dwellings and buildings are an 
advanced manifestation of the reference or typical building concept, because they 
encompass all the characteristics of the subset which they represent and thus more 
adequate for strategic feasibility studies, they are not used for investigation pur-
poses. Instead, common practice is the utilization of reference buildings, those shar-
ing most of their characteristics with the other subgroup buildings.

Various studies have used reference or typical buildings to quantify the energy- 
saving potentials of the existent building stock. Stefano Paolo Corgnati et al. [6] 
have developed three general methodologies for the definition of reference build-
ings to be used for cost-optimal analysis. Through a case study of an office building, 
used as a reference building for the Italian existing building stock, the definition 
process was demonstrated, and the modeling was carried out by using EnergyPlus, 
a dynamic energy simulation program.

For the housing sector, Tommerup and Svendsen from the Technical University 
of Denmark investigated the energy savings in Danish residential building stock 
based on two typical buildings [7].

In order to estimate the total savings potential, detailed calculations were per-
formed in a case study with two typical buildings representing the residential build-
ing stock. The calculations served for the assessment of the energy-saving potential, 
resulting in possible profitable savings of energy used for space heating of about 
80% from 2006 to 2050, within the residential building stock, if the energy perfor-
mance is upgraded when buildings are renovated.

Building typologies were explored as well by Dascalaki et  al. [8], as useful 
instruments toward facilitating the energy performance assessment of housing stock 
in Greece and by Ballarini et al. [9] for the evaluation of the energy-saving poten-
tials of the Italian housing stock. Both papers were based on the harmonized 
TABULA structure for European housing typologies, where national typologies 
were developed as sets of model buildings with characteristic energy-related prop-
erties representative for each county. The model buildings were used in both cases 
as a showcase for demonstrating the energy performance, the potential energy sav-
ings, and CO2 reduction occurring after applying basic/typical and advanced energy 
conservation measures (ECMs) on the thermal envelope and the heat supply system. 
In particular, the Italian approach modeled the energy balance of a subset of the 
national building stock, with the results being indicative of the enormous potential 
of energy savings even with basic energy retrofit actions.

In Cyprus, it was observed that with the current trends, taking into consideration 
the depth and rate of the performed energy refurbishments and the energy perfor-
mance of the new buildings, the national climate protection energy targets are unat-
tainable [10]. Reference buildings as means of energy performance assessment and 
energy profile development of the housing stock of Cyprus, as well as for the evalu-
ation of the energy savings potential from energy refurbishments, were introduced 
during the EPISCOPE project. Serghides has authored several papers where refer-
ence dwellings are used in order to determine possible energy savings, from all the 
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typologies and construction periods [11–15]. The summarized results of the inves-
tigation can be found in the Cyprus National Typology Brochures [16]. The poten-
tial percentage reductions of annual primary energy need for heating and DHW, 
obtained after deep refurbishment, range from 40% to 71% depending on the type 
of the dwelling and its construction period.

A report by Hermelink et al. [17] discussed the implementation of the Energy 
Performance of Buildings Directive (2013) regarding new and publicly owned 
buildings, which should conform to nearly zero-energy requirements by the end of 
2020, offering a definition for a “nearly zero-energy building” (nZEB). A 2017 sta-
tus report suggests that nZEBs are indeed a priority in the improvement of energy 
intensity in construction sector, with many European countries already adopting this 
approach and increasing the share of nZEBs in new construction [18]. In Cyprus, 
the transition to nZEBs poses a challenge, which is met by capacity building and 
training of the workforce of the construction industry [19]. Taking nZEBs a step 
further, Dimoudi et al. [20] and Serghides et al. [21] introduced ZenHs (zero-energy 
hospitals), investigating the specificities of healthcare facilities in the Balkan and 
indicating that hospitals of the region, whether publicly or privately owned, are not 
in line with the EPBD requirements.

Focal to this type of investigations is the use of indicators as proxies of the energy 
performance of a building. Factors such as carbon footprints (measured as CO2 
emissions), thermal properties of buildings (such as the u-value), design and fenes-
tration elements, orientation of buildings, and the depth and level of energy refur-
bishments, among others, are being used as indicators of energy performance [22]. 
For instance, Dimitriou et al. [23] investigated scenarios of refurbishment aiming to 
transform standard office buildings into nZEBs in Cyprus, employing design solu-
tions such as greenery, cool, and insulating materials, to assess changes in thermal 
properties and make energy saving achievable. In a Romanian case study, Prada 
et  al. [24] showed that transforming energy-inefficient healthcare facilities into 
intelligent buildings, integrated with renewable technologies, has the potential for 
significant energy savings and related reductions in CO2 emissions.

This chapter is the synopsis of an extensive research that was co-funded by the 
Intelligent Energy Europe Programme of the European Union. It is based on reliable 
primary data on the observed building stock, and the indicators are presented to 
describe the refurbishment optimization studies of residential building typologies to 
achieve nearly zero-energy houses in Cyprus.

 Methodology

For the analysis, several residential units constructed from 1980 to date have been 
examined. The focus is on pilot houses in Cyprus, and the housing units selected 
were representative of the main building typologies in Cyprus (multi-family, single- 
family houses, terrace family houses, and apartments), and based on their construc-
tion period, they were divided into two chronological periods, before and after 
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2007, due to the launch of the legislation concerning energy efficiency in 2007. The 
relevant data for all the residential buildings were collected, including architectural 
drawings, electromechanical equipment, actual energy consumption, and energy 
refurbishments.

When the collection of data was completed, the average buildings were deter-
mined. Consequently, these were inserted in the Tabula.xls software, which was 
developed during the TABULA project and further enhanced in the EPISCOPE 
project [25]. The Tabula.xls calculated the annual energy balance for heating and 
DHW and showcased the energy loses from the building envelope for each average 
building and the energy need for the whole stock by average building category. This 
is an advanced excel workbook using algorithmic equations. It encompasses the 
climatic data for each country along with the constructional data of the typical 
buildings and the performance of the supply systems, providing results regarding 
the primary energy consumption, the CO2 emissions, and the operational costs of 
each building.

The information about the most common constructional characteristics of the 
envelope elements and installed electromechanical equipment for heating, currently 
available in the Tabula.xls database, was collected on a national level [26]. The 
constructional characteristics of the roof, wall, floor, building structure, and open-
ings were recorded for all the building typologies, and their U-values, along with 
their thermal capacity, were calculated. The remaining information required for the 
simulation of the average buildings, such as the square meters of each envelope ele-
ment, the orientation and percentage of fenestration, and the depth and level of 
energy-refurbished elements per typology, were manually inserted in the software. 
Envelope refurbishment scenarios were applied to the average dwellings based on 
the impact of each typology energy need on the overall need and the possibilities of 
energy improvements of the envelope elements, with the objective of achieving at 
least a total of 30% energy need reduction [27]. The effectiveness of the utilization 
of the average dwellings as means of strategic refurbishment planning was con-
cluded from the results, and the potential of national energy savings per housing 
typology was highlighted.

The buildings were also modeled using the software interface of the official 
Simplified Building Energy Model tool (iSBEM_Cy), the official government soft-
ware for issuing Energy Performance Certificates (EPC). Energy refurbishments of 
the envelope elements were performed focusing on the monitoring, which includes 
a set of energy-related aspects of the building envelope, such as insulation levels of 
walls, windows, roofs, and floors as well as their respective refurbishment rates.

The efficiency of each strategy and technique employed toward zero-energy 
houses and the greenhouse gas emissions was evaluated, and its efficacy toward 
achieving the 2030 nearly zero-energy target was examined.

Primarily, the goal is to make a reliable prediction of the future energy situation 
and to fill in the gaps of the database in order to create a clear map that will lead to 
the right decision making to achieve the 2030 targets.
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 The Average Residential Dwellings

For the determination of the average dwellings, information was collected and 
extracted from the study of architectural plans and onsite surveys. The numbers of 
dwellings under study for each chronological period are presented in Table 1.

A total of six (6) categories were developed and represented through 2 Single- 
Family Houses (SFH), 2 Terrace Houses (TH), and 2 Apartments in Multi-Family 
Houses (MFH). The dwellings constructed prior to 2007 are denoted with I, whereas 
those after 2007 are denoted with II. From the study of the architectural drawings, 
the average square meters, volume of heated space, and square meters of each enve-
lope element were calculated. As can be seen in Table 2, the geometrical character-
istics of the old and new building stock differ among the typologies in terms of the 
square meter prevalence and between the chronological periods in their thermal 
performance (U-value). The difference in the thermal performance of the elements 
is essential, because it is improved by over 50%, from the old to the new building 
stock, due to the addition of insulation, which was made obligatory after 2006 [28].

Table 1 Monitoring samples from the CLDC stock

Total No. of 
buildings

I – Old building stock 
(1981–2006)

II – New building stock (2007 – up to 
date)

2484 2006 478
Architectural drawings (m2 of heated space and envelope elements)
84 37 47
Onsite surveys (heat supply systems and refurbishment trends)
104 76 28

Table 2 Geometrical and thermal performance characteristics of average buildings

Thermal envelope average building

Basic data SFHI SFHII THI THII MFHI MFHII
Floor area (in m2) 132.0 132.0 127.4 127.4 105.7 105.7

Number of dwellings represented by the average 
one

16 15 899 119 908 301

Thermal envelope areas (external dimensions in m2)
Roof 60.3 60.3 60.5 60.5 29.9 29.9
Wall 174.8 174.8 114.4 105.3 83.5 83.5
Window 24.1 24.1 23.3 23.3 13.6 13.6
Floor 59.6 59.6 60.5 60.5 30.7 30.7
Original state/unrefurbished fraction of the envelope area U-values
Roof 3.42 0.77 3.42 0.77 3.42 0.77
Wall 1.39 0.82 1.39 0.82 1.39 0.82
Window 5.78 3.16 5.77 3.16 6.10 3.20
Floor 0.91 0.91 1.01 1.01 2.34 2.34

Indicators Toward Zero-Energy Houses for the Mediterranean Region



240

Table 3 Envelope refurbishment

Refurbishments (averages) SFH I TH I MFH I

Refurbished fraction of envelope areas (%)
Roof – 41% –
Window 41% 41% 91%
Total (indicative) 3% 13% 8%

U-values of the refurbished fraction (averages)
Roof – 0.79 –
Window 3.20 3.20 3.20

In Cyprus it is usual practice to raise the Multi-Family Houses in columns and 
create a free, open space in the ground floor, referred to as “Pilotis,” to be used 
mainly as a parking space. A 50% of the Multi-Family buildings have Pilotis. In the 
building stock under study, floors raised in Pilotis were not insulated after 2006; 
thus the floor U-value of the Multi-Family Houses is significantly higher than those 
of the Single-Family Houses and Terrace Houses in both chronological periods, 
reaching 2.12 W/(m2K).

From the 104 dwellings surveyed, a total of 7 had refurbished their roof by add-
ing insulation, and 19 had changed their windows, replacing the single-glazed win-
dows with double-glazed ones. Another finding of the survey was that the only 
energy-efficient refurbishments documented refer to the old building stock and con-
cern only roof insulation and windows replacement with ones of better thermal 
performance [29] (Table 3).

 Energy Profile

 Heat Losses

After inserting the data in Tabula.xls, heat losses from the envelope elements are 
provided and demonstrate that the old buildings, as expected, present higher losses 
than the new ones. The highest losses are attributed to SFH I, followed by TH I and 
MFH I. The least-energy demanding dwelling is TH II, as it has the highest percent-
age of refurbished envelope (Fig.  1). The relatively high losses from the Multi- 
Family Houses are due to their floor, which is partly in Pilotis and thus uninsulated.

Overall the most heat flow occurs from the walls, in all the average buildings, 
because walls have the highest exposed area. In the old average dwellings, roof is 
the second envelope element with the highest heat losses, whereas in the new dwell-
ings are windows for the SFH and TH and floors for the MFH.
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Fig. 1 Envelope heat losses – current state

Fig. 2 Energy needs for heating and DHW – current state

 Energy Need

Regarding the energy need for heating and DHW, per average dwelling, the highest 
gap is observed between the old and the new SFHs, which exceeds the 3000 kWh/a, 
whereas the lowest between the MFHI and MFHII is less than 1500 kWh/a. This 
difference is due to the total envelope area of the SFHs, which is more than double 
that of the MFHs, and therefore the insulation is more impactful in the SFHs rather 
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Fig. 3 Percentage distribution of energy need for heating and DHW among the average building 
categories – current state

than in the MFHs. Overall, the highest energy need is that of the average SFHI at 
7658 kWh/a, whereas the lowest is that of the THII, at 3883kWh/a (Fig. 2).

The percentage distribution of heat needs between the different average dwelling 
categories in the total examined stock can be seen in Fig. 3. Almost 95% of the total 
energy need comes from the THI, MFHI, and MFHII, whereas the remaining three 
categories (SFHI, SFHII, and THII) are responsible for near one twentieth of the 
heat need. As a result, any strategic energy refurbishment of this building stock 
should primarily address the energy needed for heating the dwellings of the THI, 
MFHI, and MFHII categories and then those of the less energy-demanding ones.

 Energy Refurbishment Scenarios

Based on the prior analysis, targeted improvements were performed on the envelope 
of the dwellings, with the objective of 30% decrease in the energy need for heating 
and DHW, through the energy refurbishment of two elements for the MFHII and 
two for the THI and MFHI, in order to comply with the target of the 2030 energy 
policy. The selection of the envelope elements to be thermally upgraded was made 
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Table 4 Requirements for houses in Cyprus according to Directive 119/2016

Directive 119/2016 requirements for refurbished houses

Technical specifications – construction element U-Value W/(m2K)
Horizontal elements (roof, floor in Pilotis) 0.40
Vertical elements (walls, columns) 0.40
Double-glazed windows 2.90

Table 5 Thermal performance characteristics of average buildings–refurbishment state

Original state/unrefurbished fraction of the envelope area

U-values of the refurbished state SFHI SFHII THI THII MFHI MFHII
   Roof 3.42 0.77 0.40 0.77 0.40 0.77
   Wall 1.39 0.82 0.40 0.82 0.40 0.40
   Window 5.78 3.16 5.77 3.16 6.10 3.20
   Floor 0.91 0.91 1.01 1.01 2.34 0.49

based on the level of heat losses originating from the envelope. The upgrade follows 
the requirement of the Directive 119/2016, as seen in Table 4.

For the old average dwellings, roof and walls were upgraded, whereas for the 
average new apartments (MFHII), walls and floor were in Pilotis. The resulting 
U-values of the refurbished elements used in the simulations are presented in 
Table 5.

Table 6 presents the mean U-values of the building stock envelope elements. It is 
observed that the “new building stock” has improved the U-values compared with 
those of the old building stock. The mean percentage improvement reaches 78% for 
the opaque elements and 39% for the windows, which is indicative of the effective-
ness of the insulation and the impact of the EPB Directives on the construction 
practices and the improvement of the thermal performance of the building envelope.

From the simulation results, it is observed that the energy need for heating has 
decreased in all the average dwellings under refurbishment, and the energy need gap 
between the old and the new THs and MFHs is reduced to less than 200 kWh/a and 
800 kWh/a, respectively, resulting in a more uniform distribution of heating need 
among the average dwellings (Fig. 4).

The percentage distribution of the energy need among the categories is the same 
as in the current state, with the THI corresponding to the most demanding category 
and the SFHII to the least one, as depicted in Fig. 5. Nevertheless, the combined 
heating need of the THI, MFHI, and MFHII is reduced from the previous 95% to 
around 91%, whereas the impact of the remaining three categories (SFHI, SFHII, 
and THII) has increased from 5% to 9%. The total energy need is 8861MHh/a, 
reduced by over 33% from the current energy need for heating.
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Table 6 The dwelling envelope mean U-values

Old building stock, 1981–2007 New building stock, after 2007

Typical construction 
(from exterior to 
interior)

Mean 
U-value 
(W/m2K)

Typical construction (from 
exterior to interior)

Mean 
U-value 
(W/m2K)

Walls 2.5 cm plaster – 
20 cm brick – 2.5 cm 
plaster

1.39 2.5 cm plaster – 20 cm 
brick – 2.5 cm plaster

1.39

Columns/
Beamsbeams

2.5 cm plaster – 
25 cm reinforced 
concrete – 2.5 plaster

3.13 2.5 cm plaster – 3 cm 
expanded polystyrene – 
25 cm reinforced 
concrete – 2.5 cm plaster

0.76

Flat roof Asphalt membrane – 
7 cm tapered 
screed – 15 cm 
reinforced concrete

2.88 Asphalt membrane – 7 cm 
tapered screed – 4 cm 
expanded polystyrene – 
15 cm reinforced concrete

0.60

Upper ceiling 1 cm tiles – 7 cm 
screed – 15 cm 
reinforced concrete

3.13 1 cm tiles – 7 cm 
screed – 15 cm reinforced 
concrete

3.13

Apartment floor/
floor in contact 
with non-heated 
space

1 cm tiles – 7 cm 
screed – 15 cm 
reinforced concrete

2.18 1 cm tiles – 7 cm 
screed – 15 cm reinforced 
concrete

2.18

Floor in contact 
with the ground

15 cm reinforced 
concrete – 7 cm 
screed – 1 cm tiles

1.05 15 reinforced concrete – 
7 cm screed – 1 cm tiles

1.05

Exposed floor 
(Pilotis)

15 cm reinforced 
concrete – 7 cm 
screed – 1 cm tiles

3.03 15 cm reinforced 
concrete – 4 cm expanded 
polystyrene – 7 cm 
screed – 1 cm tiles

0.60

Old building stock, 
1981–2003/2014

New building stock, 2003–2014/2014

Typical construction 
(from exterior to 
interior)

Mean 
U-value 
(W/m2K)

Typical construction (from 
exterior to interior)

Mean 
U-value 
(W/m2K)

Windows Single-glazed 
aluminum frame

6.1 Double-glazed aluminum 
frame

3.7

 Refurbishment Indicators of the Building Envelope

The retrofitted houses correspond to 13.5% of the building stock for the insulation 
installment on the roof and 18.27% for the window replacement. The percentages 
are higher for the old building stocks, reaching 18% and 50%, respectively. There 
was no indication of any energy upgrade of the walls and the floor.

None of the surveyed households had previous energy refurbishment of both roof 
and windows. Thus, the foremost energy-related improvement of the households is 
the upgrading of their fenestration, with the replacement of the single-glazed win-
dows with double-glazed ones.

D. Serghides et al.



245

Fig. 4 Energy needs for heating and DHW – refurbishment state

The annual refurbishment rate for the roof insulation installment is 0.41%/a for 
the complete building stock and 1.14%/a for the windows replacement. The old 
building stocks present a 0.45% annual refurbishment rate for the roof insulation 
improvement and 2.27% for the window replacement.

In the refurbished dwellings, the average thickness of the installed insulation on 
the roof is found to be 4 cm, and the average U-value of the improved windows is 
3.2 W/m2K. These values result from the common construction practices and the 
average values of the double -glazed windows with aluminum frame, which comply 
with the Directive 466/2009 [30] and the Guide for Building Insulation published 
by the Ministry of Energy [31] (Table 7).

When comparing the external envelope elements of the new building stock with 
those of the old building stock, it is observed that U-value improvements of 78% for 
the opaque elements and 39% for the glazed elements are implemented.

From the survey, it is furthermore observed that the initial refurbishment carried 
is the replacement of the windows. This tendency might be attributed to the aesthet-
ics associated with the fenestration of a dwelling, as well as the perception of the 
inhabitants that most of the energy is lost through the windows.
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Table 7 Building insulation: trends of modernization

Roofs/upper floor ceilings
Complete building stock, 
after 2007

Old building stock, 
1981–2007

Insulation improved (from original 
state)

6.52% 8.93%

Average thickness of improved 
insulation

– 4 cm

Annual rate of insulation improvement 0.41%/a 0.45%/a
Windows Complete building stock, 

after 2007
Old building stock, 
1981–2007

Insulation improved (from original 
state)

18.27% 50.00%

Average U-value (W/m2K) of improved 
windows

– 3.2 W/m2K

Annual rate of insulation improvement 1.14%/a 2.27%/a

Fig. 5 Percentage distribution of energy need for heating among the average building categories – 
refurbished state

 Future Projection of the Energy Renovations towards Toward 
Zero-Energy Dwellings

Based on the average residential dwelling and the energy performance indicators 
discussed above, a projection is made of the future refurbishments of the building 
envelope elements of the building stock. In the projection, it is assumed that the 
number of dwellings comprising the old building stock is not changed and that the 
annual refurbishment rate per element remains the same. The energy upgrading of 
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Fig. 6 Future projection of current energy refurbishments rates for the building stock

the fenestration and the roof were considered. The tendency, as shown in Fig. 6, is 
indicative of the current low annual refurbishment rate.

 Conclusions

In accordance to the EU energy strategy, there are specific targets to be met by each 
country, both mid-term and long term, for which policy making, promoting targeted 
energy renovations, is deemed necessary. Average buildings are proven to be useful 
tool toward developing an effective energy conservation policy, because they pro-
vide a compact set of information to be employed for strategic planning.

In this chapter one example of the possible decision-making alternatives is show-
cased through the creation of six average categories of buildings, representative of 
the main building typologies used for developing the energy profile of the Cyprus 
dwellings. From the targeted refurbishments performed after evaluating the current 
energy performance of the dwellings, a 33% reduction in the energy need was 
achieved, surpassing the 30% goal of 2030. The decision-making approach used in 
this study was focused on the heat losses from the envelope elements and the share 
of heating need per category.

The results validated the effectiveness and the expediency of the introduction of 
the average buildings, as well as the usefulness of monitoring energy performance 
indicators as tools toward determining the most energy-efficient refurbishment 
measures per typology and for subsequently obtaining the highest possible overall 
energy reduction. Their categorization is significant because they are filling the cur-
rent knowledge gap, they highlight the lurking obstacles, and they portray that 
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building typologies and the monitoring indicators can be useful instruments to facil-
itate the energy performance assessment of the building stock. Nevertheless, this 
specific approach is not intended to be utilized as a model to follow but to serve as 
one of the multiple options to be developed and choose from when formulating 
energy planning.

If the current annual refurbishment rate is to be projected in the future, all the 
single-glazed windows will be replaced with double-glazed ones by 2044, and the 
roofs of the corresponding old building stock will be insulated in approximately 
200 years. From the current thermal insulation levels of the different envelope ele-
ments, it can be deduced that the recent European Directives referring to the mini-
mum energy requirements of the building envelope have contributed significantly in 
the upgrading of the insulation levels of the building elements. Nevertheless, they 
are not adequate if the low rates of energy refurbishment of the old building stock 
are not improved.

In future studies the notion of average buildings and renovation energy perfor-
mance indicators could be expanded to include other building typologies, besides 
housing units. The extension of the scope of energy performance and energy refur-
bishment from the private to the public domain is also possible, placing into per-
spective the urban scale and developing average urban blocks.
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Toward NZEB in Public Buildings: 
Integrated Energy Management Systems 
of Thermal and Power Networks

Ana Beatriz Soares Mendes, Carlos Santos Silva, and Manuel Correia Guedes

 Introduction

In recent years, climate change and environmental degradation have grown to be 
major threats to the well-being of the global population.

The European Commission has required each EU member state to establish a 
10-year integrated national energy and climate plan (NECP) for the period of 
2021–2030 [1].

Buildings are one of the largest energy consumer sectors in Europe, being 
responsible for approximately 40% of EU energy consumption and 36% of its 
greenhouse gas (GHG) emissions [2].

Nearly zero energy buildings (nZEB) have a very high energy performance, 
which means that they have low energy needs being largely covered by energy from 
renewable sources, produced onsite or nearby. Therefore, the renovation and reha-
bilitation of the existing buildings turning them into nZEB are also a priority in the 
Portuguese NECP, making it possible to achieve other objectives such as a reduction 
in energy bills and emissions and an improvement in the levels of health and com-
fort of these buildings [3]. In Portugal, a commerce and services building is consid-
ered nZEB when the maximum value of the energy efficiency indicator is equal or 
smaller than 75% of the reference value and the energy class ratio is not greater than 
0.50 [4].

The first step for the conception of nZEB buildings is the integration of biocli-
matic/passive design strategies in their architectural project. This step can allow for 
a reduction in energy needs of up to 60% (thermal and lighting) compared with 
conventional buildings. Renewable energy systems will provide the remaining 
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energy needs, being the complement (rather than the remedy) to a good building 
design. This articulation between bioclimatic design and renewable energy systems 
should be considered in the first stages of the project – as was the case of the LNEG 
building.

The local small-scale power supply technologies and storage systems for energy 
consumption in buildings, such as microgrids, will play a key role in the future 
power system. They offer environmental benefits, by using locally produced renew-
able energy; social benefits, due to their reliability, affordability, and resilience; and 
economic benefits, by increasing self-sufficiency.

The main objective of this work is to develop integrated energy management 
strategies for thermal and power networks in a building. This work will focus on the 
study of a microgrid implemented on a pilot bioclimatic office building at 
Laboratório Nacional de Energia e Geologia (LNEG), part of the IMPROVEMENT 
research project that aims to transform existing public buildings into nZEB, inte-
grating renewable energy microgrids with combined heat, cold, and electricity gen-
eration as well as storage systems [5].

 Literature Review

 Microgrids

According to the US Department of Energy, a microgrid (MG) is a “group of inter-
connected loads and distributed energy resources (DERs) within clearly defined 
electrical boundaries that acts as a single controllable entity with respect to the grid” 
and which has the capability to “connect and disconnect from the grid to enable it 
to operate in both grid-connected or islanded-mode” [6].

A MG consists of loads, DERs, a control system, and a point of common cou-
pling (PCC). DERs are composed of distributed generation (DG) units, which may 
include, for example, solar photovoltaic (PV) panels, wind turbines, combined heat 
and power generators, and energy storage systems (ESS). In grid-connected mode, 
ESS establishes optimal periods to interchange power with the utility grid in a more 
convenient way. Thus, ESSs improve the reliability of the system and support the 
DGs when they cannot supply the full power required by the consumers [7].

 Microgrid Energy Management Systems

An energy management system (EMS) is an information and control system that 
ensures that generation, transmission, and distribution supply energy at a minimum 
cost [8]. MG involves a software that optimizes the operation of the system by 
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considering the two MG operation modes (isolated and interconnected) and the 
minimal required cost of operation [9].

 Control Structure

Two approaches to the control structure were identified: centralization and decen-
tralization. In a centralized control system, the data from all components is gathered 
into a central controller (CC) that performs the required calculations and determines 
the control actions for all the units at a single point. The CC uses the input data to 
solve the optimization problem and then transmits the optimal control decisions, 
through local controllers (LCs), to the correspondent DERs, where they are imple-
mented. In a decentralized (or distributed) control system, there is no CC, and sev-
eral LCs are set up to measure signals of the different DERs [10].

A compromise between fully centralized and fully decentralized control schemes 
is achieved by means of a hierarchical control scheme [11] with three control levels: 
primary, secondary, and tertiary. They differ in (i) their speed of response and the 
time frame in which they operate as well as (ii) infrastructure requirements [12].

 Control Strategies

According to [11], most studies use model predictive control (MPC) strategies and 
optimal control, followed by multiagent systems (MAS) and rule-based con-
trol (RBC).

RBC is a static control strategy that relies on “IF-THEN” commands. It is popu-
lar in commercial building automation systems, because it is simple to implement 
[13]. It does not require any future data profile to make a decision and is thus suit-
able for real-time applications [14]. Homeostatic control (HC) is a form of RBC that 
employs an adaptive strategy that balances positive and negative feedback mecha-
nisms, inspired by the biological concept of homeostasis.

Optimal control aims to optimize an objective function, subject to a set of con-
straints [15]. Such methods are often divided into three categories: classical, meta-
heuristic, and stochastic. In MG applications, the objective is systematically to 
minimize the total operational cost but may also have a second objective, e.g., mini-
mizing GHG emissions or occupant thermal discomfort or considering undesirable 
outcomes by introducing a corresponding penalty. Common decision variables are: 
the amount of power that is taken from each dispatchable source; requested from the 
grid at each time; injected into the grid; charged to or discharged from a battery; 
reactive power support from renewable energy systems and/or batteries; state of 
charge (SOC) of ESS; controllable loads; and temperature setpoints.

A MAS is a collection of intelligent agents that interact with each other in such 
a way that the entire system learns and evolves toward a better solution. MGs allow 
coordination and control in a decentralized way [16].
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MPC encompasses a set of control methods that rely on the dynamic model of 
the studied system [17]. Here, the current state of the system and its model and 
outside disturbances are inputs of the controller, which in turn outputs the future 
state of the system. It has the advantage of considering the future state of the system 
and disturbances, anticipating future events, and acting on that foreknowledge.

State of the Art
The literature covering the situation of EMSs that make use of thermal and power 
systems simultaneously was found to be sparse. In the following, an overview of the 
relevant case studies is given.

In [18], HC strategies were used for power management and EMS while consid-
ering the thermal behavior of the building. The MG under study contained solar 
panels, a wind turbine, an inverter, storage based on batteries, an HVAC, and a smart 
meter to measure the amount of energy that was consumed from the grid or injected 
to it. It also included multiple temperature and humidity sensors. The control block 
received as input the power consumption limit from the utility grid, power con-
sumption, SOC of batteries, availability of the utility grid, and temperatures (walls, 
external and internal). The outputs were on-off for the grid selector, the battery, and 
the HVAC selector. There were two parts to the control strategy, a reactive part that 
ensured that the batteries had enough charge to maintain the MG running and a 
predictive one that used the thermal model of the room to maintain the temperatures 
within the comfortable interval.

In [19], a grid-connected MG located in a sport center facility was investigated 
through dynamic simulations, considering thermal and electrical loads. This MG 
was composed of a solar PV installation, a building energy storage system, and a 
heat pump. The goal was to balance self-sufficiency with electricity cost. To this 
end, two RBC strategies were employed, taking into account the impact of an HVAC 
system and of the heat pump. These strategies involved (1) peak shaving of the MG 
consumption with off-peak grid power and (2) pricing-based operation of the build-
ing energy storage system, according to the main grid electricity price. To bench-
mark the strategies, the resulting power flows and electricity costs were assessed. 
This analysis revealed that strategy 2 yielded the best results.

In [20], systems consisting of HVAC, battery energy storage and renewable gen-
eration in buildings were approached through an optimal control framework. In this 
case, the goal was to reduce peak load demand and electricity costs while maintain-
ing thermal comfort levels within an acceptable range. The control strategy took 
into account the thermal dynamics of the building, battery SOC, renewable genera-
tion status, and actual operational data and constraints. For the thermal dynamics, a 
simple model was developed and trained with actual thermal and electrical data. 
The controller was tested using data from a real building. Preliminary results sug-
gested that it yields a significant reduction in peak electrical power demand.

In [21], an experimental room was considered. It featured temperature, relative 
humidity, and lighting sensors, as well as an HVAC unit and an electricity micro- 
generation system with PV panels and an energy storage system. Here, the main 
objective was to ensure users’ comfort and minimize cost, considering electricity 
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Fig. 1 Office equipment power consumption for a week

price and available energy from renewable sources. To this end, three algorithms 
were developed: (i) dynamic programming with simplified thermal model, (ii) 
genetic algorithm with simplified thermal model, and (iii) genetic algorithm with 
EnergyPlus. They were tested and validated in real conditions and benchmarked 
against each other. This study found that (iii) generally achieved higher convergence 
to the optimal value, with more energy being used from the PV system to operate 
the HVAC. It was noted that the simplified thermal model is less accurate in simulat-
ing the indoor temperature (Figs. 1 and 2).

 Bioclimatic Building Design

Research on Bioclimatic, or Passive, building design began essentially in the 1970s, 
during the first oil crisis, and then expanded in the 1990s, with the global warming 
awareness. The objective of passive design is to reduce the weight of (fossil fuel) 
energy-consuming mechanical systems in the building, such as HVAC and artificial 
lighting, through natural means – by taking advantage of the sun’s energy for heat-
ing and lighting, the local winds for natural ventilation, etc. Today, there are numer-
ous publications on bioclimatic design strategies concerning a variety of climates 
[22]. These strategies involve design considerations such as solar orientation, 
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Fig. 2 Building’s lighting single-line diagram

building form, shading, insulation, adequate glazing ratio in the facades, thermal 
inertia, and opening design for ventilation and natural lighting. The LNEG Building 
followed bioclimatic strategies since the first stages of its design. It is an atrium 
building (for natural lighting and ventilation), with adequate glazing ratio on the 
different facades, adequate insulation, and thermal inertia, and uses special passive 
systems for heating and cooling, such as buried pipes. PVs are embedded in the 
main (South) façade, doubling as Trombe walls for heating in winter. This biocli-
matic approach accounted for a reduction of over 50% of its energy needs (thermal 
and lighting) from the onset, compared with a conventional office building. It is a 
fully passive, naturally ventilated building, with no (need for) air-conditioning.

 Case Study

The work developed in this study is integrated in the IMPROVEMENT project that 
has the main goal of converting existing public buildings, which have high energy 
consumption of electricity, heating, and air conditioning, into nZEB. With this goal 
in mind, MG pilot plants in LNEG, in Portugal – which, as previously referred, has 
a bioclimatic building design conception which significantly reduces its energy 
needs from the onset, i.e., this paper focuses on its complementary renewable energy 
system design.

The building, represented in Fig. 2, is composed of five rooms and an uncondi-
tioned area. Room 1 is a multiuse room, can accommodate 8 people, and has 15 
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Table 1 Equipment power consumption

Equipment Power consumption (W)

Desktop 150
Laptop 100
Projector 365
Coffee machine 1560
Printer Printing/copying 750

Stand-by 30

45W LED panels and 4 8W LED lamps. Room 2 is a meeting room with a capacity 
for five people and has four LED panels. Rooms 3, 4, and 5 are individual offices 
with two LED panels each. The unconditioned space is a small corridor with four 
LED panels.

The consumption was estimated considering the purpose of each room. It was 
assumed that the building has one printer and one coffee machine in the corridor. 
Room 1 has one projector and one desktop. The individual offices have one desktop 
each and Room 2 two desktops. During the working hours, a variable number of 
laptops were assumed to be used in the meeting room. The power consumption of 
each equipment is shown in Table 1. In Fig. 1, the weekly equipment power con-
sumption is displayed considering that the week starts on Monday.

The LNEG MG can be divided into two separate systems: a thermal system and 
an electrical system. The thermal system is composed of two solar collectors that 
are 2 m2 each and have two tanks, one air/water heat pump, a storage tank, and fan 
coils. The electrical system is made up of five subsystems: four energy generation 
systems that consist of two PV systems, one with 4050 W and the other with a 
560 W rated power; a photovoltaic-thermal (PVT) system with an electricity rated 
power of 690 W and a 2500 W rated wind power system; and an energy storage 
system, composed of a 48 V lithium-ion battery with 660-Ah energy capacity and a 
depth of discharge (DOD) of 85%. The battery has a maximum charging and dis-
charging power of 4200 W.

 Thermal and Power Microgrid Integration

 Model Integration

As the systems were model in Simulink, the integration itself is done using the same 
software. Henceforth, the time unit associated with the simulations will be 1 h.

The main difference in the two models was in the solvers. For the electrical 
model, a fixed time-step (Ts) solver (with Ts necessarily between 1e−5 and 5e−5) 
with discrete states was used, whereas the thermal model relied on the variable Ts 
solver ode23s. It was found that the solver ode23t, with a maximum time step of 
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5e−5, could accommodate the requirements of both models, allowing them to run 
simultaneously.

Both systems receive weather files as input. They both rely on irradiance and 
temperature data, and additionally, the electrical model requires wind velocity data. 
The weather data used was obtained using Meteonorm, with Lisbon as the chosen 
location and the irradiation values referent to a surface with a tilt angle of 30°.

The second step of the integration was to introduce the thermal model as a sub-
system of the electrical model in Simulink. To ensure that the systems were working 
as intended, a simulation in these conditions was run. It yielded the same results as 
the separated models, thus confirming the correctness of the implementation so far.

Afterwards, the electrical power of the heat pump was set as a load in the electri-
cal system, together with the office equipment consumption loads.

The thermal model developed in [23] features an on-off control for the heat 
pump, where the difference between the reference temperature of the storage tank 
and the observed temperature was used as the control variable. The pump switches 
on when the temperature of the storage tank is 5 °C lower than the reference tem-
perature, taken to be 50 °C. The pump only switches on if the hot water tank has the 
capacity to heat the storage tank. To prevent frequent switching of the pump, a mini-
mum operation time is set. This value is equal to 0.1 h (6 min). In the summer, the 
chosen reference temperature for the heat pump is 10 °C, and a new condition is set 
to prevent too low temperatures in the hot water tank. The heat pump is always 
switched off when the tank reaches 7 °C.

The electrical model developed in [24] has a battery charging/discharging con-
trol unit responsible for charging the battery when there is simultaneously a surplus 
in energy generation and the battery SOC is lower than 100% and limited by the 
charging rate. When the demand surpasses the energy production, this control unit 
is responsible for discharging the battery until a SOC of 15% is reached, respecting 
the DOD of 85%. From that point on, if the demand is still higher than the produc-
tion, the control unit stops discharging the battery to respect the DOD. It is also 
important to note that when there is a surplus in energy generation and the battery 
SOC is equal to 100%, the left-over energy is injected into the grid. Similarly, when 
the demand surpasses the production and the battery SOC equals 15%, the required 
energy is extracted from the grid. The new model also receives as input the energy 
tariff. The values were obtained by consulting the website of a Portuguese retailer 
[25] and correspond to an energy supply tariff scheme with four different periods: 
super empty, normal empty, floods, and peak. The schedule was consulted in the 
Entidade Reguladora dos Serviços Energéticos website [26]. The daily term of the 
price corresponds to 0.7476 €/day, and the power term is divided in two parcels, the 
peak time power, 0.4874 €/kW.day, and the contracted power, 0.0256 €/kWh.day 
(Fig. 3). The prices corresponding to each period and the schedule are presented in 
Table 2.
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Fig. 3 Building load demand for a week in July: (a) total, (b) contribution from heat pump

Table 2 Energy prices and schedule of each tariff period

Time Periods Prices (€/kWh)
Peak Floods Normal Empty Super Empty

08:00 – 10:30 00:00 – 02:00
10: 30 – 13:00 13:00 – 19:30 06:00 – 08:00 02:00 – 06:00
19:30 – 21:00 21:00 – 22:00 22:00 – 24:00
0.2162 0.1329 0.0918 0.0818
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 Results

 Summer

The weather data used in this simulation is referent to a week in the middle of of the 
week, due to the cooling needs of the space. The heat pump totals a weekly con-
sumption of 40.72  kWh. The generation (Fig.  4) encompasses both the energy- 
generated values of power by the PV and the wind power systems.

The total energy consumption during the week, 136.3 kWh, represents only 57% 
of the total energy generated by the MG, 238.8 kWh. Nonetheless, due to the maxi-
mum discharging power limit of the battery (4.2 kW), there is the need to extract 
power from the utility grid. These explain the peaks observed in Fig.  5 that are 
characterized by a maximum power of 1.87 kW. The total energy consumption from 
the grid is 1.35 kWh, making up 0.99% of total energy consumption. The energy bill 
at the end of the week amounts to 5.76€.

 Winter

The weather data used in this simulation is referent to the first week of January. As 
illustrated in Fig. 6, the heat pump behaves quite differently in this season. Instead 
of switching on and off several times during the day, it does so only four times dur-
ing the whole week to heat the space. When it does switch on, it reaches a higher 
maximum power. The weekly consumption of the heat pump is 34.93 kWh. The 
total energy consumption of the building during the week is130.5 kWh. Henceforth, 
mentions of power generation for the winter will always refer to Fig. 7. The energy 
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Fig. 6 Building load demand for a week in January: (a) total, (b) contribution from heat pump

generated by the MG during the entire week is 101.9 kWh, indicating a reduction of 
57.3% in relation to the summer values.

From Fig. 8, one notes that the battery SOC is close to its minimum value of 15% 
for a significant part of the week. The energy extracted from the grid is 45.98 kWh, 
making up only 35.2% of the total energy consumption. The energy bill increases in 
relation to the summer to 13,60€.
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Fig. 7 Power generated by the photovoltaic and wind power systems in a week in January

 Modifications to the Case Study

To test some energy management strategies in a case where there is more stress in 
the battery, i.e., the energy storage is smaller and there are more loads, some modi-
fications to the initial study case were made.

The energy capacity of the battery was reduced from 31,680 Wh (660 Ah, 48 V) 
to 18,000 Wh (375 Ah, 48 V).

The pilot plant building is part of a main building. It was added to 30% of this 
building consumption to the pilot plant office equipment power consumption.

 Summer

The power consumption curve for the modified study case during the summer week 
is presented in Fig. 9.

The power consumption from the grid, battery output power, and battery SOC 
curves are presented in Fig. 10.

During this week, the total energy consumption of the building is 312  kWh, 
which is 30.65% greater than the energy generation (238.8  kWh). The energy 
extracted from the utility grid is 97.91 kWh, which is 31.38% of the building load 
demand. The battery SOC is below 40% for the whole work week. The energy bill 
at the end of the week is 20.55€.

 Winter

Fig. 11 presents the building power consumption curve.
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Fig. 8 Microgrid power outputs for a week in January: (a) power extracted from the utility grid, 
(b) battery output power, (c) battery SOC
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Fig. 9 Microgrid building load demand for the modified case in summer

The power consumption from the grid, battery output power, and battery SOC 
during the first week of January are presented in Fig. 12.

The total energy consumption during this week is 306.2 kWh, which is three 
times greater than the energy generated by the MG, and the energy extracted from 
the grid is 199.8 kWh, which is 65.28% of the energy consumption.

From the battery output power and battery SOC graphs, it can be concluded that 
the battery is, for most of the time, at its minimum SOC. The energy bill for this 
case is 38.19€.

 Energy Management System

Two different control strategies following a rule-based control approach were devel-
oped. The base case, from section “Thermal and Power Microgrid Integration”, 
from now on will be referred to as case without EMS, because the EMS was not 
integrated.

 Control Strategy 1

The first management algorithm developed was based on the real-time electricity 
pricing signal and the SOC of the battery. It was focused on the economic dispatch-
ing of the storage system, charging the battery with power from grid when the 
energy prices are lower, storing this energy so it can be used when the price value 
increases.

Thus, when the SOC is between 30% and 90%, if the price of energy is equal or 
smaller than the quartile of energy prices during that day, the battery charges with 
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Fig. 10 Microgrid power outputs for the modified case in a week in July: (a) power extracted from 
the utility grid, (b) battery output power, (c) battery SOC
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Fig. 11 Microgrid building load demand for the modified case in winter

power from the utility grid. When the SOC is smaller than 30%, the energy storage 
systems charge with power from the grid if the price is smaller than the median of 
the energy prices during the day. The battery charges from the grid with a constant 
power of 1500 W.

To avoid oscillations in the battery during this charging process, a minimum time 
of 5 h was set for the battery to stay without charging from the grid. It should be 
noted that these conditions only apply before the end of the work week.

 Case Study – Summer

As can be seen from Fig. 13, in this case, only in the first hours of the day the condi-
tions for the battery to charge from the grid are met. Afterward, the battery SOC 
rapidly increases to values above 90%, and in the few occasions where it goes below 
this value, the energy prices are greater than the quartile 25 of the prices during 
that day.

The total energy consumption from the grid had a significant increase relative to 
the case without EMS, from 1.35 kWh to 13.35 kWh. This increase is due to the 
interval, in the beginning of the week, when the battery is charging with energy 
from the grid. The energy bill also increases from 5.76€ to 6.81€.

 Case Study – Winter

As can be seen from Fig. 14, a considerable reduction in the maximum of power 
extracted from the grid is observed. With control strategy 1, this value decreases to 
3.62 kW, a difference of 4.2 kW. Because the battery SOC increases substantially 
due to the process of charging from the utility grid during the peaks in the demand 
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Fig. 12 Microgrid power outputs for the modified case in a week in January: (a) power extracted 
from the utility grid, (b) battery output power, (c) battery SOC

A. B. S. Mendes et al.



269

9000

8000

7000

6000

5000

4000

3000

2000

1000

0

Po
we

r [
W

]

0 24 48 72 96 120 144 168
Time [h]

0 24 48 72 96 120 144 168
Time [h]

0 24 48 72 96 120 144 168
Time [h]

Power From The Grid

Battery Output Power

Battery SOC

Po
we

r [
W

]

8000

6000

4000

2000

0

-2000

-4000

SO
C 

[%
]

100

90

80

70

60

50

40

30

20

10

0

without EMS
with EMS

without EMS
with EMS

without EMS
with EMS

(a)

(b)

(c)

Fig. 13 Microgrid power outputs for the case in a week in January, control strategy 1: (a) power 
extracted from the utility grid, (b) battery output power, (c) battery SOC
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Fig. 14 Microgrid power outputs for the case in a week in January, control strategy 1: (a) power 
extracted from the utility grid, (b) battery output power, (c) battery SOC
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(when the heat pump switches on), the battery has enough energy to fulfill the load 
until its maximum power output limit.

With this control strategy, the total energy consumption from the grid increases 
from 45.98 kWh to 65.66 kWh. Nonetheless, the energy bill sees a reduction from 
13.60€ to 12.14€.

 Modified Case Study – Summer

As can be seen from Fig. 15, the maximum power extracted from the grid suffers a 
slight reduction of 1 kW, and the battery, as expected, also attains higher levels than 
the case without EMS, due to the intervals when it was charging from the grid.

The total energy consumption from the grid only increases to 0.01 kWh in rela-
tion to the case without EMS. The energy bill reduced considerably, from 20.55€ to 
17.01€. This decrease is mainly due to the allocation of power consumption from 
the utility grid when the energy prices were lower.

 Modified Case Study – Winter

Figure 16 shows a very different behavior of battery SOC relative to the case with-
out EMS. This control strategy presents six peaks during the working days, which 
occur when the battery is charging with power extracted from the utility grid. The 
total consumption of energy from the grid and the maximum of the power extracted 
from the grid had the same value as the case without EMS. The energy bill decreased 
from 38.19€ to 35.80€.

 Control Strategy 2

This control strategy builds upon strategy 2. The on-off control described before 
was kept, and a new control block was added. Thus, when the result of the first part 
of the heat pump control is to switch on, the second block checks if the average 
temperature of the five condition spaces is within the comfort range (between 20 °C 
and 25 °C). If it is, the heat pump is turned off. If not, the SOC of the battery is 
evaluated. In case the SOC is lower than 50% and the energy price is greater than 
the daily median, the heat pump switches/stays off; otherwise it switches on. 
Because the effect of this control strategy in both cases for each season is similar, 
only the modified case study will be discussed in detail here (Fig. 17).
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Fig. 15 Microgrid power outputs for the modified case in a week in July, control strategy 1: (a) 
power extracted from the utility grid, (b) battery output power, (c) battery SOC
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Fig. 16 Microgrid power outputs for the modified case in a week in January, control strategy 1: 
(a) power extracted from the utility grid, (b) battery output power, (c) battery SOC
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Fig. 17 Microgrid power output for the modified case in a week in July, control strategy 2: (a) 
building load demand, (b) power extracted from the utility grid, (c) battery output power, (d) 
battery SOC
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strategy 2

 Modified Case Study – Summer

The heat pump switches on fewer times but with a slightly higher power than the 
case without EMS. The total energy consumed by the heat pump decreased by 
28.5%, from 40.72 kWh to 29.12 kWh.

Both the maximum of the power and total energy consumption from the grid 
decreased to 6.8 kW and 89.73 kWh, respectively. The latter represents a reduction 
of 8.4% relative to the case without EMS.

The energy bill reduced by 24.4% in relation to the case without EMS, from 
20.55€ to 15.53€.

Figure 18 demonstrates that except for room 2, the values of the degree.hours of 
discomfort are similar for both cases.

In room 2, this value increased from 1.216 °C.h to 45.61 °C.h, representing an 
average difference of 0.83 °C from the comfort temperature range.

This discomfort can be explained by the fact that as seen in [22], this space is the 
one with the worst cooling performance due to an excess of thermal loads in 
the room.

The new control block considers only the average temperature of all rooms. If the 
latter remains within the comfortable range, even if room 2 by itself is not within 
that range, the heat pump will stay off. This causes room 2 to reach even higher 
discomfort levels.

 Modified Case Study – Winter

The heat pump switches on several times with control strategy 2. Nonetheless, the 
total energy consumption of the heat pump decreased from 34.92 kWh to 25.98 kWh 
(less than 25.6%).
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Figure 19 presents the new load demand curve for the modified case study during 
a week in January and the power consumption from the grid, battery power output 
power, and battery.

SOC values with and without control strategy 2.
One can see that the maximum of the power consumption from the grid slightly 

decreased with this algorithm. The total consumption of energy from the utility grid 
is 190.9 kWh, and it represents a decrease of 5% relative to the case without EMS 
(199.8 kWh). The energy bill at the end of this week is 34.33€, a decrease of 10.1%.

The levels of thermal discomfort with and without this control strategy are simi-
lar and approximately zero.

 Discussion

For the case study in summer, the lowest energy bill is attained for the case without 
EMS. This solution is also the one in which the building’s energy consumption is 
lower, making it the preferable solution.

For the case study in winter, control strategy 1 results in a reduction of 11% in 
the energy bill in relation to the base case, but the energy consumption from the grid 
increases to 43%. With control strategy 2, the energy consumption from the grid is 
26% higher than that for the base case. Still, it is lower than that for control strategy 
1 and reduces the energy bill by 7%. Considering that the discomfort levels are zero 
for strategy 2, it seems to be the best option.

For the modified case study, in summer and winter, with control strategy 1, the 
energy consumption from the grid barely changes from the case without EMS, and 
the price reduces to 17% in summer and 6% in winter relative to the base case 
(Table 3).

For the winter case, the preferable control strategy is, again, the second one. It 
has the lowest energy consumption from the grid (decreases by 5%) and energy bill 
(decreases by 10%) and the same thermal comfort levels.

In the summer case, the second control strategy would also be the best one if only 
the decreases of 24% in the energy bill and 8% in the energy consumption from the 
grid were considered. However, the thermal discomfort levels in room 2 cannot be 
ignored, even though some things should be noted. First, this room serves as a meet-
ing room that is only used during short periods of time and not in a daily basis. 
Second, the temperature is never more than one degree above the thermal com-
fort limit.

It is important to note that the relatively good thermal and lighting performance 
is largely due to the bioclimatic conception of the building – which is an essential 
first step to achieve the desired nZEB goals.

Finally, it is observed that the improvement obtained from applying these strate-
gies is more significant for the modified case, where the loads are higher and the 
battery capacity is lower.
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Fig. 19 Microgrid power outputs for the modified case in a week in January, control strategy 2: 
(a) building load demand, (b) power extracted from the utility grid, (c) battery output power, (d) 
battery SOC
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Table 3 Comparison of the results with and without different control strategies for the case study 
and modified case study in both seasons

Case study
Without EMS ControlStrategy1 ControlStrategy2
Summer Winter Summer Winter Summer Winter

Price (€) 5.76 13.60 6.81 12.14 6.57 12.69
Energy from grid (kWh) 1.35 45.98 13.35 65.66 12.18 58.06
Pmax from grid (kW) 1.83 7.82 1.84 3.62 1.5 3.49
Heat pump energy (kWh) 40.72 34.92 40.72 34.92 29.15 26.75
Energy consumption (kWh) 136.3 130.5 136.3 130.5 124.7 122.3
Energy generation (kWh) 238.8 101.9 238.8 101.9 238.8 101.9

Modified case study
Without EMS ControlStrategy1 ControlStrategy2
Summer Winter Summer Winter Summer Winter

Price (€) 20.55 38.19 17.01 35.8 15.53 34.33
Energy from grid (kWh) 97.91 199.8 97.92 199.8 89.73 190.9
Pmax from grid (kW) 7.43 9.24 6.42 9.24 6.80 8.60
Heat pump energy (kWh) 40.72 34.92 40.72 34.92 29.12 25.98
Energy consumption (kWh) 312 306.2 312 306.2 300.4 297.3
Energy generation (kWh) 238.8 101.9 238.8 101.9 238.8 101.9

In future, it would be worthwhile to test these strategies on the real building and 
compare the resulting experimental data with that of the simulations. An enhance-
ment of the proposed strategies should address the issue found in room 2, where the 
current approach fails to keep the temperature within comfortable levels. The analy-
sis done in this study suggests that this could be achieved by controlling the heat 
pump with room temperatures, rather than their average, as input.

 Appendix

Fig. 20
Fig. 21
Fig. 22
Fig. 23
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Fig. 20 The LNEC. South façade (above), East façade (below)
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Fig. 21 The atrium: bioclimatic design for daylight and natural ventilation

Fig. 22 Integration of PV in the South Façade, doubling as Trombe walls for winter heating
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Fig. 23 LNEC: winter and summer bioclimatic design strategies
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The Missing Link in Architectural 
Pedagogy: Net Zero Energy Building 
(NZEB)

Maryam Singery

During COVID we learnt that no one is safe until everyone is safe, so we need to act 
urgently to protect the most vulnerable in society – in schools, hospitals, and homes for the 
elderly – in a movement that elevates buildings beyond being simply tradable assets, to see-
ing them as part of a built environment that is at the vanguard of our fight for a safer future 
for all. –Sue Roaf, Emeritus Professor of Architectural Engineering, Heriot-Watt University

 Introduction

By 2050, Texas will have 115 heat days a year, 55 days more than on average in 
2022 [1]. According to the US Census Bureau report 2022, San Antonio, Texas, 
topped the list of the most significant numeric gainers in the USA, increasing by 
13,626 people between 2020 and 2021 [2]. This population growth increases the 
demand for space and energy. Ed Mazria, a founder of Architecture 2030, believes 
that the built environment generates nearly 50% of annual global CO2 emissions. 
Building materials and construction account for 20% of this amount and building 
operation to 27% [3]. Both the NZEB design and construction play crucial roles in 
this region, therefore spotlighting architects.

Academics typically emphasize theorizing the design process in reverse order by 
setting goals, identifying evidence of learning outcomes, and designing the 
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instructional plan as goals set forth according to the Paris Accord.1 These goals are 
as follows:

• State current environmental circumstances;
• Select international sites to familiarize students with overseas climatic changes;
• Recognize future climatic changes;
• Extrapolate future resources, demands, and technologies;
• Implement advanced performance modeling to reduce energy consumption;
• Cooperate with construction industries, community, and other stakeholders;
• Design a net zero energy building with emphasis on maximizing the passive 

system through different architectural design concepts;

According to the New Building Institution (NBI), out of 56 verified NZE offices 
in the USA, only one branch exists in Texas2 [5] (Fig. 1). The 17 third- and fourth- 
year undergraduate architecture students enrolled in the ARC 4156 Building Design 
studio course, entitled: Net Zero  Energy  US  Embassy, US  Consulate architec-
tural  design in  different  countries  like  Colombia, Dominican Republic, Greece, 
Japan, Norway, and Mexico.

 Most of the students taking this studio course also took the ARC 4183 lecture 
course on environmental systems, which primarily focused on designing 
environmentally responsive buildings and the natural and artificial systems support-
ing them, i.e., embedded energy, active and passive heating cooling systems, and so 

1 The Paris Agreement is a legally binding international treaty on climate change. It was adopted by 
196 Parties at COP 21 in Paris on 12 December 2015 and entered into force on 4 November 2016. 
Its goal is to limit global warming to well below 2, preferably to 1.5  °C, compared with pre-
industrial levels [4].
2 The first NZE office in Texas is named HARC and is located in Woodlands. The studio had a site 
view at HARC.

Fig. 1 HARC’s energy manager  explains how beekeeping helps the local ecosystem (left). 
Students promised to design NZEB at the end of the field trip to Houston and Woodlands at the 
beginning of the semester, HARC, Woodlands, TX (right) (Image represents the students’ engage-
ments and beginning potential for designing NZEB, and it stayed by the end of the semester). 
(Source: Author (2022))
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on. Therefore, the students taking the theory course could practically apply those 
theoretical discussions in their studio projects.

 Passive Design Strategies

Vernacular architecture presents perfect examples of inspiring passive design strate-
gies to solve climate conditions without using fossil fuel energies and, in some 
cases, no modern construction machines or technologies (Fig. 2).

Every two or three students chose one country and conducted research on their 
climate zones. Using sources like Google Map and Google Earth, they discovered 
and analyzed their sites. Variable sites and climatic conditions in different countries 
provided a pedagogical opportunity for students to familiarize themselves with 
opportune climatic zones and their respective climate changes.

Premised upon passive design, resource conservation, and passive and active 
cooling and daylighting, conserving embodied energy base can significantly reduce 
gas and fuel consumption. Depending on their project site selection, each student in 
this design studio chose specific strategies adopted and used in various parts of the 
world. One of these solutions had to do with spatial scarcity predicting a significant 
reduction in spatial needs over the foreseeable future.

 Sustainable Landscape

Students paid particular attention to using and enhancing public transportation, 
worked on the pedestrian paths surrounding bus stations, designing the necessary 
street furniture, and bicycle racks, and social and welfare amenities, i.e., 

Fig. 2 The student worked at the NZE US consulate at Barranquilla, Columbia, and used wind 
captures to provide natural ventilation inspired by Middle East countries’ vernacular architecture. 
(Source: Erik Ortega (2022))
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Fig. 3  All students focused on their site interventions and their impacts on local ecosystems. 
For example, one student designed the US consulate in a hot and humid climate zone (Santa 
Domingo Republic). He incorporated using low albedo materials, fauna, and flora in his design, 
where his passive design strategies provide appropriate shading areas and natural ventilation 
methods. (Source: Jhardon Small (2022))

supermarkets and food stores near them. Depending on the climate, flora and fauna 
play essential roles in creating shades and cooling systems apropos of designing 
sustainable landscapes, where rainwater serves irrigation purposes (Fig. 3).

Reducing the albedo effect is responsible for 23% of the global emissions – most 
of which are used in the built environment. This prompts incredible opportunities 
for embodied carbon reduction in high-impact materials [3].

 Conceptual Architectural Design

A variety of reactions regarding architectural concepts had been seen in this stage of 
the design process: biomimicry, biophilic, vernacular, and sustainable architecture, 
and sometimes a combination to achieve better results (Figs. 4, 5, and 6).

When the time came to conserve historical buildings and save embodied energy, 
another student gave a new face to a historical US consulate building in Tokyo, 
Japan, by remodeling the building and using passive design strategies.
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Fig. 4 Student work: A bird perspective (left), floor plan (right); one student represented a bio-
mimicry design using golden ratio geometry as his concept. He was also inspired by Greek theater 
forms for designing the US embassy at Athens, Greece. (Source: Covey Johnson (2022))

Fig. 5 Students work at Ciudad Juarez, Mexico, with a hot and dry climate zone; one student, 
inspired by some vernacular architecture strategies, used arches that provide a passive cooling 
system. Thanks to the arch form, half of the arch would be shaded during the day except at noon. 
(Source: Samuel Ruan (2022))

Fig. 6 Students work at Ciudad Juarez, Mexico; one student’s passive cooling strategy included a 
courtyard and covered pedestrian path to provide a thermal landscape. (Source: Noel Parra (2022))

The Missing Link in Architectural Pedagogy: Net Zero Energy Building (NZEB)



288

 Sustainable Materials

Students were instructed to use recycled, local, low-carbon, and carbon-neutral 
materials. One student used plant-based concrete because it is eco-friendly and Avi- 
protect glass. Avi-Protect glass is an eco-friendly solution to saving flora and fauna. 
Birds lose their lives flying into reflective buildings by hundreds, so to counter that, 
the glass is acidly etched, allowing the birds to see it while not distracting by the 
facade. Another student reached out to use autoclaved aerated concrete, known as 
cellular concrete, and 100% natural materials.

 Active Design Strategies

The studio familiarized the students with the world’s renewable energy sources, 
including the photovoltaic cells on rooftops and building facades geared toward 
generating clean energy. The students used some of these devices as canopies or 
roof overhands in designing covered parking spaces. One student used a composi-
tion comprising PV cells and green surfaces that, in addition to natural ventilation 
and daylight, generated electricity as part of a green façade and collected the rain-
water for watering the landscape and green panels (Fig. 7). Other students used the 
following design methods in their projects: recycling and reusing wastewater, flex-
ible or movable walls for interior design as needed. Geothermal energy, especially 
in Oslo, Norway, inspired yet another renewable source that students used.

Fig. 7 Student work: One student practiced designing the NEZ US consulate in Fukuoka, Japan, 
and minimized the ratio of surface/volume; four facades have different designs based on their ori-
entations. They provide natural ventilation and daylight. They combined PV panels with green 
panels. The façade panels are kinetics. The corridor in the center of the pyramid acts as a chimney 
effect. During our field trip, the student inspired the façade pattern from one of Houston’s Fine Art 
Museum artworks. (Source: Udal Kosta (2022))
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 Results and Discussion

Luckan (2014) discussed embedding “sustainable design principles” into architec-
tural design studio curricula [6]. Oliveira (2017) also shared the benefits of interdis-
ciplinary or cross-disciplinary approaches to fill the existing theory-practice gap in 
architectural education. These strategies show how to incorporate sustainable devel-
opment into architectural design [7]. Similarly, Azari and Caine (2017) demon-
strated how to weave technical expertise – especially adding different methods of 
building performance evaluation – into architectural studio pedagogy [8]. In another 
research, Malini (2020) acknowledged the unpreparedness of architectural students 
in addressing the negative consequences of climate change and believes that “tradi-
tional design studio pedagogies” do not promote the culture of “cooperation and 
collaboration” among students. The undeniable fact remains that students learn 
from co-learning and sharing works, which, in some cases, helps them design more 
efficient buildings closer to net-zero goals, i.e., reducing energy demands to about 
70% (ibid.) [9].

Therefore, according to Moosavi and Bush (2021), educating sustainability 
should be incorporated into architectural education. In their experience, the students 
simulated real-world scenarios in creating sustainable design strategies in their stu-
dio projects [10]. Mohamed (2022) also emphasized similar recommendations in 
incorporating sustainable design strategies into the architectural design curri-
cula [11].

The word integration in architectural education has witnessed some changes 
since 2014. Integrating studio courses with sustainable design principles between 
2014 and 2020 is a case. The 2050 achieve zero-carbon emission goals have incor-
porated even more pedagogical techniques in recent years. Combining these skills 
goes beyond teaching the students how to design NZE buildings and creates broader 
links for connecting the construction industry and community partnerships. Such 
new and integrative linkages can help thrive and develop new construction skills.

 Conclusion

The learning outcomes of NZEB in the UTSA design studio pilot project include the 
following:

 1. Innovation integration model between the academia, profession, and community 
(Fig. 8)

 1. Link between A and P

• Expediting and expanding the NZEB projects.
• Reducing the time to reach the set goals.
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Fig. 8 Compares the unlinked (left) and linked (right) connections or relationships between 
the academia, the profession, and the local community in the area of NZEB studio. Specifically, the 
point shows two connections that seem more realistic and suitable to students and their communities 
(Source: Author (2022)). Note: A = Academia; P = Profession; C = Community; AP = Academia and 
Profession; AC = Academia and Community; PC = Profession and Community; APC = Academia, 
Profession, and Community

• The jury feedback shows more enthusiasm toward these projects than the 
students’ purely conceptual projects, which ultimately boosts interdisci-
plinary professional creativity.

 2. Linking A and C relationships leads to optimization of the NZE building

• The community part of the studio jury who came from the Mexican 
Consulate invited us to have an exhibition in the Consulate building.

• Social media can also promote this building construction approach within 
the community networks.

• The final project review also further strengthened the community, Mexican 
Consulate relationship.

The students learned a lot from the professional feedback for their projects and self- 
reflection. This relationship also helped them find summer internship employ-
ment opportunities in San Antonio construction companies.
The final jury demonstrated student satisfaction with this project. With its “inter-

national” concentration, this studio encouraged some students to pursue UTSA 
study abroad in Urbino, Italy, for the next semester (Fig. 9).
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Fig. 9 Final review day of the studio at UTSA. The image represents the integration of the aca-
demics, professionals, community members, and students who are aiming to “build an environ-
ment that is at the vanguard of our fight for a safer future for all.” (Source: Author (2022)). Note: 
The quote is from Sue Roaf
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In her seminal 1962 book the Silent Spring [1], Rachel Carson declared, “at times, 
technological progress is so fundamentally at odds with natural processes that it 
must be curtailed.” She wrote: “Man’s attitude toward nature is today critically 
important simply because we have now acquired a fateful power to alter and destroy 
nature. But man is a part of nature, and his war against nature is inevitably a war 
against himself?” Carson’s activism inspired the environmental movement that led 
to the creation of the US Environmental Protection Agency in 1970 (EPA).

For many, “man’s war against nature” began with the industrial revolution that 
has since brought much progress and prosperity to industrialized nations but comes 
as a threat to man’s existence in the form of critical worldwide climate change. The 
2015 Paris Agreement [2] is the international treaty on climate change that has set a 
goal of keeping global warming to less than 2 °C (preferably 1.5 °C) compared to 
preindustrial levels. This is the goal that 193 parties agreed to accomplish by 2050 
by each proposing a Nationally Determined Contribution (NDC) and a path to 
reach it.

In its Executive Summary, the McKinsey Global Institute [3] stated that “As of 
December 2021, more than 70 countries accounting for more than 80% of global 
CO2 emissions and about 90% of global GDP have put net-zero commitments in 
place, as have more than 5000 companies, as part of the United Nations’ Race to 
Zero campaign.” This underscores the importance of collective and immediate 
global action to confront climate change.

A framework to measure environmental impact is known as the I = f (P, AT), cre-
ated by Paul Ehrlich and John Holdren in 1971 [4]. It concludes that “there are three 
main factors affecting environmental impact: (1) Population (P), (2) Affluence 
Level (A), and (3) Technology,” and as all these continue to rise and develop, so will 
their collective impact (I). These three factors contribute to urbanization rates, 
which are also on the rise. The United Nations projection is that by 2050, two-thirds 
of the world’s population will live in urban areas. The surge in construction projects 
to meet this demand is why net-zero buildings are more relevant [5]. The projected 
growth will require increased infrastructure and the construction necessary to absorb 
the additional 2.3 billion urban migrants. This underscores the gravity of trending 
urban development and the dramatic increase in carbon emissions that it will 
undoubtedly entail, in addition to impacting land use, air and water pollution, 
resource shortages, the heat island effect, and the resulting exponential increase in 
energy consumption.

It is now widely accepted more than ever before that it is imperative to lower 
carbon emissions to avert a major climate calamity. It is evident that there is no sil-
ver bullet or a single solution to the environmental crisis. Global cooperation is 
essential to solve this global quandary. Everyone has a role to play in the fight 
against climate change, but there is only so much we can do as average citizens. On 
the other hand, the building sector can have a much greater impact [6]. According to 
the US Department of Energy (DOE), buildings are responsible for 38% of all 
energy-related greenhouse gas (GHG) emissions each year. This is a considerable 
percentage, and by targeting the building sector specifically, significant progress 
could be made in the global effort to reduce carbon emissions. The Paris Agreement 
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calls for the building sector to reduce the primary GHG emissions by 50% by 2030 
and net-zero by 2050 [7].

This goal may seem lofty, but countries like the UK demonstrate that it is possi-
ble. The UK was the first to sign “a legally binding target to achieve net-zero carbon 
emissions by 2050.” The ARUP Group, located in London, England, conducts 
research and provides detailed reports to be used as a framework to empower build-
ing sectors and other countries to strive for their net-zero aspirations. The authors of 
the ARUP publication titled Net-zero Carbon Buildings: Three steps to take now 
report [8] that they saw surprisingly widespread and fast action in the property sec-
tor. “Twenty-three leading property organizations signed a climate change commit-
ment agreeing to set a pathway to net-zero carbon for their organizations.” Others in 
the UK have also joined this movement and have begun implementing changes to 
achieve this goal, which, until recently, was something that seemed impossible. In 
another publication, the ARUP Group further promotes using building incentives, 
conducting complete lifecycle analyses, and defining a clear net-zero energy defini-
tion to move the property sector toward reaching the goal of carbon neutrality and 
net-zero buildings. They believe that achieving net-zero carbon for buildings is pos-
sible for both existing and new buildings, but to achieve this goal, new approaches 
must be taken for buildings of all types and scales [9].

This type of large-scale change will not happen overnight, and it is important to 
understand how to “encourage organizations to continue on the journey to achieving 
net-zero.” One way to do this is through incentives and short-term recognition for 
progress. It is important to communicate the importance and value of making these 
changes with companies because “improving emissions can be a costly project and 
will often see its biggest returns in the long term. Therefore, short-term recognition 
can be the added boost that many companies need to push them to engage fully with 
greener practices.”

The Leadership in Energy and Environmental Design (LEED) is an example of 
one of these recognitions that constitute an “international verification of a building’s 
green features.” [5] The Building Research Establishment Environmental 
Assessment Method (BREEAM) is another leading sustainability assessment for 
buildings and infrastructure. These incentives and the organizations they represent 
also participate in research and create the industry standards that the ARUP Group 
calls for.

These are just two of the main recognition certifications already in place that can 
distinguish built projects and serve as the motivation a company needs to make 
greener choices that lower its carbon emissions [5]. Along with these incentives, 
certain cities lead the way in getting sustainable accredited buildings by making 
cities broad goals and requirements for new construction. To lay out some of the 
leading states’ approaches and targets, Boston was ranked the number one energy- 
efficient city in the country as of 2013–2019. A few of the city’s targets are to be 
carbon neutral by 2050 and that every new building must meet the minimum require-
ments of the US Green Building Council (USGBC) and be LEED-certified. Many 
other states also make great strides toward creating a greener future, and these show 
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the importance of policy-making in a city toward incentivizing and requiring greener 
building practices.

Another way to reach similar outcomes has been observed in Australia, where 
there has been a clear link between operational energy/carbon performance and 
overall value. There, an energy rating scheme called the National Australian Built 
Environment Rating System (NABERS) is “credited with halving the average 
energy intensity of commercial property.” This change has happened because the 
majority of “commercial properties that have a high NABERS rating in Australia 
benefit from a value premium of approximately 20%.” [8] Linking lower carbon 
emissions to a direct monetary value has resulted in greater industry participation. 
The UK has just launched a similar rating scheme. While these types of efforts are 
making significant changes, they mainly address operational emissions. Currently, 
there is no framework that effectively links “embodied carbon and asset value,” 
which is needed “if we are to empower the market to move toward true net-zero.” 
This example illustrates that “transformation is driven by incentives,” and having 
accreditations that “define clear markers” and clear benefits will produce results.

While these are promising examples, there is still much more to be done. Two- 
thirds of countries do not even have building codes let alone incentives to reach 
net-zero carbon emissions. This means that in 2019, approximately 55 billion square 
feet of building area were constructed without energy standards. This is really 
important because, as stated earlier, the world’s overall population is growing expo-
nentially, and 90% of urban growth is concentrated in countries in Africa and Asia. 
Calculating an individual country’s carbon impacts can get tricky, but the main 
point is that there needs to be regulations put in place to ensure that new construc-
tion is bringing us closer to net-zero rather than farther from it.

Globally and across all sectors of the economic and political spectra, there needs 
to be a multifaceted, gradual yet deliberate, and orderly transition to reducing car-
bon emissions to meet the goals of the Paris Agreement by 2050. In the industrial 
manufacture of building products and components, Life Cycle Analysis (LCA), 
Design for Disassembly (DfD), component reuse, and other parameters and bench-
marks all need to be mandated to slow down global warming to an acceptable level 
compared to preindustrial standards. In the construction and operation of buildings, 
decarbonization through the use of clean energy and sustainable alternatives will 
collectively reduce emissions by appreciable margins.

 Definitions

Net zero refers to the state of overall equilibrium between GHG emissions into and 
removal from the atmosphere. Although the concept is simple and the objective is 
righteous, many believe that the net-zero equation has not yet been solved. Not 
unlike a steady state condition in thermodynamics, net zero involves many sources 
of emissions (carbonization) and unequal sources of negative emissions (decarbon-
ization) that need to be balanced.
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The following definitions are from the 2020 McKinsey Article: Data to the res-
cue: Embodied carbon in buildings and the urgency of now.

Embodied carbon consists of ALL the GHG emissions associated with building construc-
tion, including those that arise from extracting, transporting, manufacturing, and installing 
building materials on-site, as well as the operational and end-of-life emissions associated 
with those materials. [10]

Cradle to gate embodied carbon refers to the emissions associated with only the produc-
tion of building materials, from raw material extraction to the manufacturing of finished 
products; it can be thought of as supply-chain carbon, and it accounts for the vast majority 
of a building’s total embodied carbon. [10]

Operational Carbon, on the other hand, is what ensures user comfort in a build-
ing and includes carbon emissions from building operation and maintenance such as 
heating, cooling, ventilation, lighting, power, etc.

 Design Decisions Based on Embodied Versus 
Operational Carbon

Buildings are currently responsible for 39% of global energy-related carbon emissions: 
28% from operational emissions, from the energy needed to heat, cool and power them, and 
the remaining 11% from materials and construction. [11]

The International Building Code (IBC) has required a 50% decrease in energy 
use in new buildings since it was first adopted in the USA in 2000. This has led to 
significant reductions in operational carbon emissions but not in embodied carbon 
emissions. Also, the IBC does not require upgrading energy efficiency for existing 
buildings unless they are scheduled for “substantial” renovations.

In contrast to operational carbon, embodied carbon is finite rather than perpetual, 
can only be reduced in the initial building design and construction stages, and can-
not be removed from existing buildings. A large part of a building’s embodied car-
bon emissions lies in the choice of building materials and components. In general, 
carbon emissions can be reduced firstly by choosing locally sourced materials that 
will require nearer transportation and secondly by choosing products with longer 
life spans that will not require frequent replacement.

To reach net zero, it is critical that building design and construction follow a 
sequential approach to critical decision-making from the inception and at every 
stage of development and implementation. The greatest impact on a building’s car-
bon emission trajectory begins in the earliest design phases. Fundamental decisions 
regarding massing, ceiling heights, facade designs, and passive design strategies all 
impact a building’s full carbon lifecycle. Implementing efficient systems, using on- 
site renewable energy, minimizing waste by reusing materials, and choosing prod-
ucts manufactured nearby are all to be considered early on in a designer’s efforts to 
mitigate carbon emissions. By taking a whole life-cycle approach, tradeoffs will be 
more accurately considered at every stage of a project [8].
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While this is all crucial to reaching net-zero, it is only really “delivered in opera-
tion.” One of the major hindrances to buildings reaching their carbon goals is the 
enduring conflict between “building occupants and their operational expectations.” 
To have a building reach net zero, there will inevitably be greater restrictions on 
energy use, which will impact the occupants who may not be used to limiting their 
energy use. This disconnect can be represented through the distinction between a 
net-zero-enabled building and a net-zero-achieved building. This means that a 
building may be enabled to become a net-zero building, but it is up to the occupants 
and its operational usage to achieve this goal. Reaching full net zero will require a 
method to measure energy usage, and one such format is known as the energy use 
intensity (EUI), which gives a building a floor-by-floor calculation of its energy 
usage and helps give a definite tracking system for energy usage. In addition to 
clearly understood markers, early involvement and collaboration from every stake-
holder throughout the building’s lifecycle are needed, along with cooperation and 
clarity of expectations with all involved to accomplish a net-zero full lifecycle 
building [8].

Whether it is a net-zero retrofit, or a new build, designing buildings to achieve 
net zero requires a fundamental change in approach. Design success has been mea-
sured by compliance outcomes but needs to shift to a focus on designing for opera-
tional performance and carbon reduction in every design decision. Demonstrating a 
strong link between value and performance will advance this data-driven approach 
vital to accomplish these changes. Some strategies to design with this approach 
include using advanced energy modeling systems, strategically locating apertures in 
the envelope to exploit natural ventilation, deploying the appropriate energy sys-
tems, and smart building controls that adapt to the occupancy of the building while 
minimizing energy waste. The benefits of each of these strategies need to be com-
municated so that these practices will become accessible and lead to widespread 
change in the industry.

In general, designing a building by following the “long life/loose fit” strategy 
will help ensure that new construction will stand the test of time. Having digital data 
on building materials thoroughly documented and readily available will help future 
designers learn how to best reuse and retrofit the buildings that are currently in use. 
After all of the design, decisions have been made, and the operational consumption 
has been addressed “to minimize a building’s whole life carbon emissions, the final 
step to net-zero is to offset what’s left.” [8] The first steps will make the most impact, 
but investing in renewable energy is a positive step toward reaching net zero for the 
building industry and the rest of the world.

Many measures to reduce operational carbon emissions have been implemented 
across the USA and the world. These include replacing incandescent light bulbs 
with compact fluorescent bulbs since they last longer, produce less heat, and are 
generally more efficient. Zero emissions of clean energy from sources such as 
nuclear, wind, solar, hydro, geothermal, etc., are replacing energy generated from 
fossil fuels such as coal, oil, and gas. Although electric heat pumps are more expen-
sive than traditional gas hot water boilers, they are more efficient and produce less 
CO2 emissions as they run on clean energy instead of fossil fuels. Local 
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jurisdictions in large cities are trying to reduce emissions in buildings in several 
ways. In New York City (NYC), there will be a ban on gas-powered stoves and 
water boilers for a new building under seven stories starting in 2023 and for taller 
new buildings beginning in 2027. This targets 6% CO2 emissions that are traced 
back to residential gas heating and cooking [12]. Another example of NYC leading 
in sustainable development nationally and internationally by restricting operational 
carbon is the Local Law 97 (LL97) [13], which places caps on carbon emissions on 
larger residential and commercial properties in the city.

On average, the embodied carbon in a typical building is 50% in its structure, 
30% in its envelope, and 20% in the interior [11]. The efforts to limit embodied 
carbon in buildings appear to be less stringent than those of operational carbon. For 
example, Architecture 2030 [14] has set voluntary targets for embodied carbon 
reductions; these are an immediate reduction of 40%, then 50–65% by 2030, and 
zero emissions from materials by 2040. Similarly, the SE2050 [15] is the commit-
ment by the Structural Engineering Institute of the American Society of Civil 
Engineers to meet the transitional embodied carbon reductions that reach zero by 
2050. There are many similar efforts in the UK, Europe, and Australia, and cities 
and countries across the world are drafting commitments to reduce carbon emis-
sions in building materials.

Concrete is the second most used material on the planet after water [16]. It is, 
however, the greatest contributor to embodied carbon emissions because of the 
energy-intensive process of producing cement and other sources of emissions in the 
concrete industry as a whole. In addition to the energy-intensive process of burning 
limestone to make cement, there is also the extraction and transportation of fine and 
coarse aggregates. There are several strategies being deployed to improve concrete’s 
environmental performance. These include carbon capture, in which CO2 is injected 
into a concrete mix to sequester the carbon while providing additional strength and 
durability to a concrete mixture. Other strategies involve using Supplementary 
Cementitious Materials (SCMs) such as fly ash, slag cement, and silica fumes as a 
partial replacement for cement. There is self-consolidating concrete (SCC) which 
eliminates the need for vibrating the concrete mix in the formwork while reducing 
emissions. Photocatalytic concrete uses titanium oxide in the mix to keep the con-
crete clean while also healing any potential cracks.

This is in addition to many promising technologies that are in the research and 
development stage to scale up production to industrial levels. Graphene concrete, 
for example, has much greater compressive and flexural strength while also signifi-
cantly improving the impermeability of the cured concrete, which implies that less 
volume of concrete and less reinforcing would be needed. Also, the stronger the 
concrete, the smaller and lighter the member, which would result in smaller support 
members and a resulting smaller foundation.

The carbon emissions from the production of steel are primarily attributed to the 
use of blast oxygen furnaces that burn fossil fuels. The making of steel from iron ore 
requires the use of this type of energy-intensive furnace. Significant reductions of 
emissions in the steel-making process are being realized through the use of electric 
arc furnaces, which are used to melt down steel and recycle it into other applications 
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of the material. Steel does not lose any of its properties when it is recycled from a 
soup can or a car into a wide flange beam.

 The Profound Impact of the Envelope Is Anything 
But Skin-Deep

One of the most impactful ways to reduce both the embodied and operational car-
bon levels in a building is by considering one of the most dominant systems of a 
building, namely, the building envelope. The facade design, building orientation, 
and envelope’s mechanics are all integral parts of a building’s carbon emissions and 
should be addressed in the following crucial strategies:

The first step to ensure the maximum utilization of natural resources is to pur-
posefully study the placement and orientation of the building on the site. For exam-
ple, harnessing the sun and providing access to natural light will reduce energy 
consumption while also reducing the demand for electrical lighting. Shading devices 
on the facade are also an important factor because they keep unnecessary heat out 
of the building so that less energy is used to keep it cool. Also, when considering the 
overall building massing and orientation, the phrase “long life loose fit” is often 
suggested [8]. This implies that design for the future with long-lasting and durable 
materials along with a loose fit may be adapted in the future to reduce the likelihood 
of premature demolition and the associated carbon release. Bolting steel members 
to each other, as an example of “loose fit,” instead of welding them would produce 
less carbon release during the disassembly process.

The envelope should be designed or refurbished to ensure airtightness with good 
U-values. As mentioned earlier, currently, one of the highest potentials for energy 
savings is by achieving greater efficiency in heating and cooling loads. The facade 
has a direct link to the effectiveness of these systems based on their performance 
qualities. The Locker Group promotes its product as being able to help reduce a 
building’s utility bills and the impact on the environment through its creative façade 
solutions [17]. With proper insulation, air-conditioned and heated air will stay in the 
building, and the lower energy consumption is attributed to leakage loss. Thermal 
readings can help identify areas where excessive thermal bridging exists in the 
facade that should be considered in new buildings and when updating existing 
buildings.

The common approach to designing a building to have a completely sealed 
facade with access only to artificial heating and cooling often results in dissatisfied 
occupants and higher energy consumption. One way the façade condition can be 
altered is to utilize hybrid passive strategies, including natural and mixed-mode 
ventilation. Movable components that allow occupants to access natural ventilation 
are a beneficial consideration in terms of both energy use and occupant 
satisfaction.
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In addition to these overarching strategies, there are many specific technologies 
that have been designed to help support a net-zero building through the design of its 
facade. The climate emergency has motivated net-zero energy practices that have 
produced a wide range of new technologies. Among these are advanced glass win-
dow technologies that revolutionize energy efficiency in building facades. These 
include technologies that not only manage the energy transfer between the interior 
and exterior spaces but can also serve as a generator of power. The skin of a building 
is the foremost location to harvest solar energy. Photovoltaic panels are also among 
the new technologies available for use directly in the façade of a building. Harnessing 
solar power in the façade may facilitate reaching net-zero by providing a building 
with supplemental energy to offset operational demands.

There are a few avenues for upgrading the performance buildings that do not 
require complete demolition. Updating the facade is one of these. Companies like 
Pic Perf are suggesting a new facade to reach lower carbon footprints and net-zero 
emission rates because of the large impact the facade has on rendering a building net 
zero. A product like Pic Perf can make a building envelope more efficient by block-
ing the sun, improving wind resistance, and more [6]. Another way to upgrade the 
facade is through an insulation-retrofit, which will save energy and cut carbon in the 
long run, although it will increase the embodied carbon in the short run. This 
increase will be insignificant compared to the carbon impact of demolishing and 
rebuilding the structure. Retrofit measures extend the life of any building and will 
thus contribute significantly to reaching net-zero objectives.

An example of this type of retrofit is Triton Square in London [17]. Originally 
built in the 1990s, the redesign shows “what is possible through imaginative reuse, 
demounting, refurbishing and re-erecting the existing facade.” The Arup Group 
took a marginal gains approach to this redesign and called it a revolution. “Team 
Triton chipped away at every aspect to save carbon, cut waste, and deliver the best 
working environment possible. Through a marginal gains approach, the team has 
refined and optimized dozens of systems, components, and strategies to deliver a 
highly sustainable building.” This building was a huge success with 43% cost saving 
compared to typical commercial buildings, 40,000 tons of carbon saved, and 30% 
faster to completion versus a typical new build. Arup is leading the way in how we 
can approach new building projects to achieve net zero and particularly for retrofit-
ting buildings. Updating existing facades with this type of strategy will be revolu-
tionary in the building industry and the global efforts to reach net zero.

In this chapter, a comparison of different case studies is conducted with a focus 
on the facades and building envelope. In each case study, the façade was used any-
where between 6% and 21% of the whole life cycle carbon assessment. Comparative 
studies such as these are imperative in moving toward a net-zero future. Companies 
across the globe are calling for more data-driven, transparent approaches to creating 
clear targets that will help provide the framework needed to realize the net-zero 
carbon emissions goal by 2050.
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 Case Study: 888 Boylston Street

Architect: FXCollaborative

 Introduction

Completed in 2016, FXCollaborative’s 888 Boylston Street serves as a unique 
example of a cold climate high rise with a LEED Platinum certification. 888 
Boylston Street is located in the city of Boston, MA, and was designed for the well- 
known sustainably interested Boston Properties, Inc. (BXP). While much of the 
attention given to this building is often centered around the energy generation of the 
design, this writing aims to examine a closer look at the envelope materials utilized 
and their contribution to the sustainable characteristics of the whole. While 888 
Boylston Street does not set any records for its size or height, the building sets a 
precedent for the possibilities of sustainable buildings in the USA and serves as a 
model where educational tours on sustainable design are held. This writing primar-
ily investigates the building’s use of glazing as an envelope material and its relation-
ship to the cold climate of the northeastern USA (Fig. 1).

Identified as a cold continental climate, Boston’s weather includes warm sum-
mers and very cold and snowy winters. Boston is known to have a relatively unsta-
ble climate with alternating days of stormy and clear weather due to different air 
masses colliding from different directions [18]. Similar to Chicago, Boston’s loca-
tion along the water can result in relatively cool temperatures in summer due to cold 
current flows above the sea. Boston averages 47 inches of rain per year, 48 inches of 
snow per year, and slightly below the national average of sunny days per year [19]. 
The average temperature in Boston ranges from a high of 82 °F in summer to a low 
of 19 °F in winter [19]. As heating consumes more energy than any other building 
system in Boston’s climate, passive techniques can and have been utilized to better 
provide thermal comfort indoors [20]. Air barriers and continuous thermal insula-
tion are two of the techniques that can help mitigate thermal bridging. In some areas 
in Boston, water levels are also a concern. Many historical buildings contain ele-
vated entryways to help combat possible flooding [21]. While many of the climatic 
characteristics of Boston can be combated with mechanical systems, these methods 
are not sustainable when compared to smart passive systems and other efficient 
sustainable strategies (Fig. 2).

 Sustainable Features

888 Boylston Street is located among several other mid- and high-rise buildings 
near Boston’s downtown and the Charles River Basin. The building stands as a 
mixed-use office and retail building at 17 stories high and includes an area of over 
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Fig. 1 888 Boylston Street. FXCollaborative Architects LLP

425,000 square feet [22]. In addition to the two floors of below-ground parking, the 
design includes 14 floors of office space and 3 floors of retail with additional vary-
ing occupancies scattered at alternate levels. Sustainable features of the building 
from the architect as illustrated in Fig. 3 are most notably recognized through the 
green roof, green terrace, energy-efficient lighting, chilled beam system, energy-
generating wind turbines, sky gardens, rainwater-harvesting system, high- 
performance envelope, PV panels, bike storage, and elevated equipment [22]. 
Compared to traditional offices of similar size, the design consumes 47% less 
energy and 37% less water [23]. This results in an annual saving of $650,000 [24]. 
888 Boylston Street serves as one of the highest-performing buildings in the 
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Fig. 2 Climatic data, dry-bulb temperature, wind roses, and psychrometric chart
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northeast and has the lowest EUI of any building in Boston at 40 kBTU per square 
foot [23].

The sustainable features in place at 888 Boylston Street reduce the energy use of 
the building by nearly 34.6% when compared to a traditional building of similar 
location and size [25]. One of the strategies in use that contributes to this amount is 
the rainwater-harvesting system. The rainwater-harvesting system, located on the 

Fig. 2 (continued)
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Fig. 3 Sustainable strategies. (Credit: https://www.usgbc.org/articles/boston- properties- pushes- 
 boundaries- sustainable- design)

roof, utilizes collected water for cooling and irrigation. In the system in place, water 
is first stored in an underground tank where pollutants are removed. Nearly 20% of 
the total water used in the building is a result of the rainwater collection system [26]. 
In addition to water used in a chilled beam system for thermal comfort, the building 
efficiently utilizes a dedicated outdoor air system (DOAS). The system for air circu-
lation uses only fresh outdoor air. Comparatively, a traditional HVAC system uses 
up to 75% stale recycled air. The DOAS system provides around 30% more fresh air 
and 50% more air changes per hour than a traditional HVAC system [24].

In addition to water and air, other natural elements such as light and plants are 
included in the sustainable design strategies in place. Biophilic elements, such as 
the rooftop garden and living walls, bring natural plant life to the building. The two 
common area walls display 13-feet-high green walls that provide connections with 
nature while in central Boston [25]. On the northern facade, 13′–6″ floor-to-ceiling 
heights provide vertical views to the outdoors. This viewing height, often called the 
“visual zone,” is estimated to be 145% larger than most office buildings [26]. The 
structural design was even included in the daylighting to reduce the amount of col-
umns that might intervene with natural light exposure.

 Envelope

It is estimated that nearly 70% of the facade of 888 Boylston Street is comprised of 
glass. (Fig. 4) [25]. While this might not initially appear to be the most sustainable 
choice for daylighting and interior comfort, often requiring additional tools to con-
trol thermal comfort, the envelope of the design was analyzed extensively to 
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Fig. 4 Green roof. (Credit: FXCollaborative Architects LLP)

determine the most efficient system for the building’s use. The chosen double-pane 
insulated glass reduces artificial lighting runtime in the building by nearly 60% to 
the baseline [27]. The glass itself is not entirely vertical. In this manner, the enve-
lope system on the northern orientation curves upward to allow a larger quantity of 
light to enter the building’s interior spaces (Fig. 5).

 Operational Versus Embodied Energy

888 Boylston Street reaches a LEED Platinum status through both operational strat-
egies in place as well as material choices that lower the total embodied energy of the 
structure. Operational energy is most notably seen through the visually present wind 
turbines and solar panels on the roof. However, additional mechanical and electrical 
systems in place help lower the operational energy requirements. Both the chilled 
beam system and DOAS help condition interior spaces without wasteful traditional 
HVAC techniques. Similarly, the building includes high-efficiency chillers that get 
rid of ozone-depleting chemicals and refrigerants [25].

The roof itself and subsequent wind turbines are visible from the exterior and not 
only contribute to the energy efficiency of the building but also provide a dynamic 
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Fig. 5 Envelope. (Credit: AntyDiluvian)

crest of the building. The design includes 14 vertical axis wind turbines and a 134- 
kW photovoltaic (PV) system. As shown in Fig. 6, together, the roof system gener-
ates enough energy to run an estimated 15 homes in the state [28]. The roof system 
additionally includes garden areas and beehives. The beehives provide a safe home 
for the bees which in turn help pollinate the native plants on the rooftop. The plants 
themselves help to reduce the heat-island effect, absorb carbon dioxide, and reroute 
water to the rain collection tanks (Figs. 7 and 8).

The diagrams below display data obtained by using the ATHENA® Impact 
Estimator for Buildings. Located in Ontario, Canada, the ATHENA® Impact 
Estimator for Buildings was developed by the Sustainable Materials Institute. As 
part of the institute’s mission, it leverages the life-cycle assessment in North 
America to promote sustainability in the built environment [23]. According to the 
developers, “robust life cycle inventory databases provide exact scientific cradle-to- 
grave information about building materials and products, transport, and construc-
tion and demolition activities” [28]. The Athena Institute connects designers to the 
power of life-cycle analysis without requiring them to become LCA experts them-
selves [28].

Any part of a building has the potential to be modeled using the Impact Estimator 
when the bill of materials has been provided. Using simple inputs, the Impact 
Estimator can create a bill of materials for users who do not have one. Examples 
include [24] foundations, footings, slabs, all below- and above-grade structure and 
envelope, windows and doors, and building interiors. Based on a 60-year life cycle, 
the study examines the overall building’s life cycle. According to ISO 14040, we 
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Fig. 6 Energy model results. (Original diagram credit: Info from architects)
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Fig. 7 Performance comparison to average regional office building.

Fig. 8 Facade, photovoltaics, and wind turbine integration. Credit: FXCollaborative Architects LLP

can compare up to five design scenarios according to the US Environmental 
Protection Agency’s environmental impact categories [23]. In this study, the follow-
ing environmental metrics were used: Global Warming Potential, Smog Potential, 
Acidification Potential, Non-renewable Energy, Eutrophication Potential, and 
Ozone Depletion Potential. As inputs to the Impact Estimator, a series of factors 
related to the building are considered in order to calculate the life-cycle impact of 
each factor on the above categories. There are five assemblies that consist of infor-
mation on the project: foundations, floors, columns and beams, roofs, and walls 
(Figs. 9 and 10).
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Fig. 9 Envelope materials and integrated sustainable strategies. Credit: FXCollaborative 
Architects LLP

Fig. 10 Left: Operational versus embodied energy; right: global warming potential
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A comparison is made between operating and embodied in both primary energy 
and global warming potentials. Operating accounts for a greater share in both charts.

Figure 11 displays the comparison between different constructional categories 
that are used in this building. The report compares the amount of CO2 emissions that 
each category can have on the environment.

Figure 12 displays the comparison between different constructional categories 
that are used in the case study. The report compares the amount of O3 emissions that 
each category contributes.

 Conclusion

888 Boylston Street sets a precedent for the possibilities of sustainable buildings in 
US cold climate regions and serves as a model where educational tours on sustain-
able design are held. The design includes natural elements such as light and air in 
addition to biophilic elements such as the rooftop garden and green wall. As a mid- 
high- rise building that is comprised of 70% glass, 888 Boylston Street showcases 
just how environmentally friendly and sustainable large-glazed buildings can be. 
While the roof wind turbines might be the element of the building that catches the 
attention of most passersby, 888 Boylston Street has much more to offer in regard 
to its envelope, sustainable strategies, and operational and embodied energy.

Fig. 11 Global warming potential
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Smog Potential(kg 03 eq)

Smog Potential by Assembly Group (A to C) 

HH Particulate by Assembly Group (A to C)
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Fig. 12 Human health particulate and smog potential

 Case Study: CLT Passivhaus

Architect: Generate Architects

 Introduction

Generate, in collaboration with Placetailor, delivered the world’s first fully inte-
grated Cross-Laminated-Timber (CLT) Passivhaus demonstration project. The proj-
ect is set to be located in the Roxbury neighborhood of Boston, MA. This project is 
a response to both global warming and urban density issues. The collaboration 
between Placetailor and Generate will make it possible to propose sustainable con-
struction for mid-size and, in the future, high-rise buildings. Generally, this is a 
typology of housing delivery method that focuses on climate and community [29]. 
In terms of carbon footprint, the building aims to reach Passivhaus standards and is 
expected to be net-zero carbon in operation. Boston has a cold climate, which makes 
well-insulated exterior walls quite practical in this setting (Fig. 13).
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Fig. 13 CLT Passivhaus. (Credit: Generate | Placetailor)

Roxbury is one of the 23 official neighborhoods in Boston, MA, located south of 
the central business district. Identified as a cold continental climate, Boston’s 
weather includes warm summers and very cold and snowy winters. Boston is known 
to have a relatively unstable climate with alternating days of stormy and clear 
weather due to different air masses colliding from different directions [18]. Similar 
to Chicago, Boston’s location along the water can result in relatively cool tempera-
tures in summer due to cold current flows above the sea. Boston averages 47 inches 
of rain per year, 48 inches of snow per year, and slightly below the national average 
of sunny days per year [19]. The average temperature in Boston ranges from a high 
of 82 °F in the summer to a low of 19 °F in winter [19]. As heating consumes more 
energy than any other building systems in the Boston climate, passive techniques 
can and have been utilized to better provide thermal comfort indoors [20]. Air bar-
riers and continuous thermal insulation are two techniques that can help with ther-
mal bridging. In some areas in Boston, the water levels are also a concern. Many 
historical buildings contain elevated entryways to help combat possible flooding 
[21]. While many of the climatic characteristics of Boston can be combated with 
mechanical systems, these methods are not sustainable when compared to smart 
passive systems and other efficient sustainable strategies (Fig. 14).

 Sustainable Features

The CLT Passivhaus includes a variety of spaces and techniques related to sustain-
able features and methods of construction. In addition to 14 residential units, the 
building includes a co-working space accessible to the local community on the 
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ground floor (Fig. 13). A mix of housing types will be available in the 14-unit Model 
C building, ranging from studio apartments to 3-bedroom apartments. On the 
ground floor, there will be affordable commercial space for local businesses. 
Because the building is located in the city of Boston and close to public transporta-
tion, Placetailor was not required to provide parking [30]. The building will high-
light the unique benefits of a prefabricated kit-of-parts for developing workforce 
housing that is both healthy and carbon positive (Figs. 15 and 16).

Fig. 14 Climatic data, dry-bulb temperature, wind roses, and psychrometric chart
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Despite the concrete foundation, all other elements of the building are made of 
CLT panels – an engineered wood made of laminated timber sections [31]. As illus-
trated in Fig. 17, CLT panels of varying thicknesses make up the floor, interior parti-
tions, exterior walls, and roof assemblies of the Model C [30]. A high-density 
cellulose thermal panel is to be installed on the interior of the exterior assembly, and 

Fig. 14 (continued)
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Fig. 15 The building section displays the array of interior spaces including the 14 residential units 
and co-working space. Credit: Generate | Placetailor

Fig. 16 Sustainable strategies

a wood-fiber board must be used on the exterior. Clean and modern, but warm and 
spacious, CLT walls give interior spaces a sense of comfortable living [32]. The 
building is also designed to reduce the amount of radiation it receives and to insulate 
against heat and cold. Mineral wool and CLT will be used as insulation on the 
walls [31].
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Fig. 17 CLT elements such as beams, columns, and ceilings can be seen from this render view. 
(Credit: Generate | Placetailor) 

 Envelope

The exterior elements of the building are mainly CLT panels, glazing, and frames. 
The CLT’s cellular structure and envelope act as carbon sinks by capturing carbon 
dioxide during the life of the building and replacing traditional concrete and steel 
materials that cause significant carbon dioxide emissions [29]. Additionally, clad-
ding for the building will be made of lightweight porous metal. As shown in Fig. 18, 
in this case, scaffolding will not be needed during construction because it is prefab-
ricated [31]. The corrugated metal siding will be equipped with a rainscreen air gap. 
The metal panels themselves will be perforated. As a result, select views from the 
exterior of the building will allow for glimpses of the exposed wood inside of the 
building. Additionally constructed of CLT, the sawtooth roofline is oriented toward 
south for maximum solar PV exposure [30]. Rooftop solar panels are mounted eas-
ily on this system due to the CLT roof canopy.

 Operational Versus Embodied Energy

A Model C demonstration project was designed to generate net-zero carbon emis-
sions by measuring both the embodied energy of the building and its operating 
energy. Any excess energy was compensated for by carbon offsets [32]. When 
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Fig. 18 Lightweight porous metal cladding will be used as the envelope of the building. (Credit: 
Generate | Placetailor)

compared to traditional buildings constructed with conventional steel or concrete, 
the Model C project reduced total embodied carbon emissions by less than 50% 
[30]. Due to the CLT construction, fireproofing materials can be reduced, along with 
the use of dyed plaster or drywall. Additionally, exposed CLT walls and ceilings can 
help reduce the use of harmful materials [31]. The CLT panels are in fact a carbon 
sink due to the high amounts of wood fiber, which allows them to address both 
operational and embodied energy with one solution [31]. As shown in Fig. 19, the 
CLT panels which will be used in construction are set to be locally sourced from 
Montreal, Canada, and trimmed locally by panel manufacturer Bensonwood in 
Keene, New Hampshire [30].

The operational energy requirements of the building rely on a heat pump for 
cooling and cost-effective electric-baseboard system for heating. The mechanical 
ventilation for air circulation is set to be supplied by a semi-centralized system 
where one system supplies four housing units. The building’s source of hot water 
and part of the electricity will be supplied from a gas-fueled combined heat and 
power (CHP) plant. Current calculations show that the use of the CHP will lower 
greenhouse gas emissions when compared to using the heat pump for traditionally 
heated water [30]. The building also includes off-site prefabricated modular 
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Fig. 19 Locally sourced and trimmed CLT will be exposed in indoor spaces. (Credit: Generate | 
Placetailor)

bathrooms that can be hoisted and installed easily, enhancing the project’s time-
line and reducing construction waste [29]. This material is more energy-efficient. 
A Passivhaus already has a low energy demand, so in order to reduce the MEP 
requirements, the CLT panels can be pre-routed to incorporate the system 
(Fig. 20).

The diagrams below (Figs. 21, 22, and 23) display data obtained by using the 
ATHENA® Impact Estimator for Buildings. Located in Ontario, Canada, the 
ATHENA® Impact Estimator for Buildings was developed by the Sustainable 
Materials Institute. As part of the institute’s mission, it leverages the life-cycle 
assessment in North America to promote sustainability in the built environment 
[18]. According to the developers, “robust life cycle inventory databases provide 
exact scientific cradle-to-grave information about building materials and products, 
transport, and construction and demolition activities” [33]. The Athena Institute 
connects designers to the power of life-cycle analysis without requiring them to 
become LCA experts themselves [33].

Any part of a building has the potential to be modeled using the Impact Estimator 
when the bill of materials has been provided. Using simple inputs, the Impact 
Estimator can create a bill of materials for users who do not have one. Examples 
include [19] foundations, footings, slabs, all below- and above-grade structure and 
envelope, windows and doors, and building interiors. Based on a 60-year life cycle, 
the study examines the overall building’s life cycle. According to ISO 14040, we 
can compare up to five design scenarios according to the US Environmental 
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Fig. 20 Envelope materials. (Credit: Generate | Placetailor)

Fig. 21 Global warming potential

Protection Agency’s environmental impact categories [18]. In this study, the follow-
ing environmental metrics were used: Global Warming Potential, Smog Potential, 
Acidification Potential, Non-renewable Energy, Eutrophication Potential, and 
Ozone Depletion Potential. As inputs to the Impact Estimator, a series of factors 
related to the building are considered in order to calculate the life-cycle impact of 
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Fig. 22 Left: operational versus embodied energy; right: global warming potential
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each factor on the above categories. There are five assemblies that consist of infor-
mation on the project: foundations, floors, columns and beams, roofs, and walls.

Figure 21 displays the comparison between different constructional categories 
that are used in the case study. The report compares the amount of CO2 emissions 
that each section can have on the environment.

A comparison is made between operating and embodied in both primary energy 
and global warming potentials. Operating accounts for a greater share in both charts.

Figure 23 displays the comparison between different constructional categories 
that are used in the case study. The report compares the amount of O3 emissions that 
each section can have on the environment.

 Conclusion

Not only does the CLT Passivhaus serve as a precedent for net-zero projects in the 
USA, but it also serves as an example of fully integrated CLT construction. The 
project is a response to both global warming and urban density issues. Reacting to 
Boston’s cold climate, both passive and active techniques in the building aid in 
reaching this net-zero goal. When compared to traditional buildings constructed 
with conventional steel or concrete, the Model C project reduced total embodied 
carbon emissions by less than 50%. With the addition of locally sourced CLT, it is 
clear that the CLT Passivhaus prioritizes sustainability and is deserving the title the 
world’s first fully integrated CLT Passivhaus demonstration project.

 Case Study: Golisano Institute for Sustainability

Architect: FXFOWLE, New York City, NY.
Architect of Record: SWBR, Rochester, NY

 Introduction

The Golisano Institute for Sustainability (GIS) at Rochester Institute of Technology 
is a LEED Platinum building that not only serves as a laboratory for scientific 
research on sustainable technology but itself exemplifies energy efficiency and 
high-performance systems. Designed by FXFowle (NYC) and SWBR in Rochester, 
NY, the Golisano Institute for Sustainability is located in Rochester, NY. Designed 
for a very cold climate region, the building includes a high-performance facade 
system that helps reduce the overall carbon footprint. Since its completion in 2013, 
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the building has won multiple awards, including the 2014 National Award of 
Excellence from the Design Build Institute of America (DBIA), and was titled the 
best project in the Green Project category by Engineering News Record New York 
[34]. It has earned LEED Platinum certification, which is the highest standard in the 
certification system. This writing aims to investigate the material involvement with 
specific attention to the envelope and its relationship to the overall sustainable status 
of the structure (Fig. 24).

Identified as a cold continental climate, Rochester is characterized by warm sum-
mers and snowy freezing winters. Similar to many of the cities in the included case 
studies, Rochester is located near a body of water. The southern shoreline of Lake 
Ontario reaches along the northern portion of Rochester. As a result, much of the 
snow is a direct result of the “lake effect,” in which cold air crosses warmer water, 
resulting in clouds, precipitation, and snow [35]. Rochester averages 33 inches of 
rain per year, 77 inches of snow per year, and below the national average of sunny 
days per year [36]. The average temperature in Rochester ranges from a high of 
82  °F in summer to a low of 17  °F in winter [36]. With the help from the US 
Department of Energy, the Passive Solar Industries council has set guidelines for 
climate-reactive passive strategies employed in the Rochester region [37]. While 
this information is specifically targeted to residential homes, much of the climate 
combatant information can also relate to larger structures such as the Golisano 
Institute for Sustainability. Some of these guidelines include increasing thermal 
resistance and increasing south-facing glazing up to 7% of the building’s total floor 

Fig. 24 Golisano Institute for Sustainability. Credit: David Lamb
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area. Natural cooling and fully insulated basement walls are additionally suggested. 
As part of New York State’s Genesee-Finger Lakes Region, Rochester has addition-
ally been included in Stockholm Environment Institute’s plan for combating climate 
change, which includes support for structures that are energy efficient and reduce 
waste [38] (Fig. 25).

Fig. 25 Climatic data, dry-bulb temperature, wind roses, and psychrometric chart
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 Sustainable Features

The building systems and envelope are both involved in the sustainable features uti-
lized in the design of the Golisano Institute for Sustainability. In a similar manner, 
both active and passive strategies are central sustainable design features that contrib-
ute to the building’s LEED Platinum status. Together all sustainable features reduce 

Fig. 25 (continued)
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Fig. 26 Sustainable strategies, original diagram. (Credit: http://www.swbr.com/wp- content/
uploads/2014/03/rit- gis- case- study_lo.pdf)

the annual carbon footprint of the building by 61%, meeting the AIA 2030 goal of 
60% [39]. Other sustainable statistics show that the building has a total annual water 
saving of 75%, utilizes 88% forest stewardship-certified wood, and recycles nearly 
80% of construction waste [39]. Some of the notable features included in the design 
that contribute to these statistics are vertical-axis wind turbines on-site, radiant floor-
ing, geothermal well, solar shading controls, high- performance facade, green roof 
and walls, and roof photovoltaic (PV) system (Fig. 26).

 Envelope

The envelope of the Golisano Institute for Sustainability alone contributes up to 
15% of the total energy savings of the design [39]. The primary material utilized in 
the envelope of the building is glazing. As shown in Fig. 27, the glazing system 
consists of factory-assembled large units of glass situated in a thermally broken 
curtain wall system. A 40% vision glass or less was utilized to provide a triple-pane 
glazing performance while being only 1-inch thick [40]. In contrast, the spandrel 
glazing itself includes thermal insulation that is 4.5-inches thick. In areas of the 
envelope system where occupants are meant to sit near the glass, an innovative sys-
tem of glazing termed the “perfect window” is utilized to improve thermal comfort. 
This system involves a double-pane window with a metal coating that is heated by 
electrical currents. In this system, when temperatures drop below 42 °F, the system 
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Fig. 27 Building Envelope. Credit: David Lamz

is heated providing optimal thermal comfort while also minimizing heat loss [40]. 
This electric-powered heated glass is essential for mitigating heat loss in the cold 
climate of Rochester, NY.

The envelope facade system of the Golisano Institute for Sustainability is differ-
ent for different orientations. While both south and north facades are primarily 
glass, the east and west facades are constructed of masonry materials. In addition to 
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Fig. 28 Sun shading, PV systems, and green roof. Credit: Craig Shaw, Stratus Imaging

glazing, the south facade features solar shades that reduce solar heat gain by 70% 
[39]. The shading elements help reduce the building’s cooling demand and allow a 
more efficient chilled beam technology. The building roof is equipped with 144 
photovoltaic panels that generate an average of 45,000 kWh per year [41]. In addi-
tion to these energy-generating panels, the roof also houses 3300  square feet of 
vegetation and a butterfly habitat, as illustrated in Fig. 28 [39].

 Operational Versus Embodied Energy

The Golisano Institute for Sustainability earned its LEED Platinum status by 
deploying both multiple operational and embodied carbon reduction strategies. The 
most visible techniques used to contribute to the operational energy of the building 
are the roof-mounted solar PV panels and the vertical-axis wind turbines located 
on-site. Currently, 170 solar panels are mounted on the roof of the building. This 
number of panels generates enough energy to power seven homes in New York. In 
addition to the wind and solar energy-generation strategies employed, additional 
strategies utilized include geothermal and a 400-kW fuel cell to supplement energy 
demands [42]. Additionally, an operational microgrid room incorporates data sen-
sors, feedback loops, and control systems to monitor building performance and effi-
ciency of operation [39]. With this system, a stand-alone power supply source is 
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provided that consists of a lithium ion battery storage bank with a power of 
50 kW\50 kWh.

With regard to the building’s systems, many different interlocking and separate 
components and strategies work together to provide maximum comfort for the 
occupants. Air-handling units and terminal units are situated on the floors above 
grade while heating, cooling, and water conservation take place below grade. 
Included at the roof of the building is an exhaust terminal for the expulsion of air. 
While lighting and plug load controls exist throughout the entire building, the 
microgrid base exists on the first floor. This microgrid consists of the fuel cell, PV 
generation, batteries, lighting, and other miscellaneous loads. All of these compo-
nents together contribute to an annual energy use of 112 kBtu/sf and a predicted 
energy saving beyond ASHRAE 90.1 of 57% [43].

The diagrams below display data generated using the ATHENA® Impact 
Estimator for Buildings. Located in Ontario, Canada, the ATHENA® Impact 
Estimator for Buildings was developed by the Sustainable Materials Institute. As 
part of the institute’s mission, it leverages the life-cycle assessment in North 
America to promote sustainability in the built environment [39]. According to the 
developers, “robust life cycle inventory databases provide exact scientific cradle-to- 
grave information about building materials and products, transport, and construc-
tion and demolition activities” [36]. The Athena Institute connects designers to the 
power of life-cycle analysis without requiring them to become LCA experts them-
selves [36].

Any part of a building has the potential to be modeled using the Impact Estimator 
when the bill of materials has been provided. Using simple inputs, the Impact 
Estimator can create a bill of materials for users who do not have one. Examples 
include [35] foundations, footings, slabs, all below- and above-grade structure and 
envelope, windows and doors, and building interiors. Based on a 60-year life cycle, 
the study examines the overall building’s life cycle. According to ISO 14040, we 
can compare up to five design scenarios according to the US Environmental 
Protection Agency’s environmental impact categories [39]. In this study, the follow-
ing environmental metrics were used: Global Warming Potential, Smog Potential, 
Acidification Potential, Non-renewable Energy, Eutrophication Potential, and 
Ozone Depletion Potential. As inputs to the Impact Estimator, a series of factors 
related to the building are considered in order to calculate the life-cycle impact of 
each factor on the above categories. There are five assemblies that consist of infor-
mation on the project: foundations, floors, columns and beams, roofs, and walls 
(Fig. 29).

Figure 30 displays the comparison between different constructional categories 
that are used in the case study. The report compares the amount of CO2 emissions 
that each section can have on the environment (Fig. 31).

A comparison is made between operating and embodied in both primary energy 
and global warming potentials. Operating accounts for a greater share in both charts.

Figure 32 displays the comparison between different constructional categories 
that are used in the case study. The report compares the amount of O3 emissions that 
each section can have on the environment.
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Fig. 29 Envelope materials and integrated sustainable strategies

Fig. 30 Global warming potential
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Fig. 31 Left: operational versus embodied energy; right: global warming potential
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 Conclusion

Since its completion in 2013, the Golisano Institute for Sustainability (GIS) at the 
Rochester Institute of Technology (RIT) has won multiple awards, including the 
2014 National Award of Excellence from the Design Build Institute of America 
(DBIA), and was titled the best project in the Green Project category by Engineering 
News Record New York. Along with a LEED Platinum certification, the design of 
this building exemplifies energy efficiency and regard for the environment. This feat 
is obtained through both passive and active strategies that relate to the envelope, 
operational, and embodied energy use in the building. With all strategies in place, 
the Golisano Institute for Sustainability serves as an ideal precedent of the region 
for the sustainable possibilities of lab and educational buildings.

 Case Study: Orlando McDonald’s Flagship

Architect: Ross Barney Architects

 Introduction

The McDonald’s Disney Flagship, located in Orlando, Florida, not only serves as a 
precedent for the sustainable possibilities of quick-serve restaurants but responds to 
the humid subtropical climate of its location. Designed by Ross Barney Architects 
in 2021, the building pushes the boundaries of ordinary McDonald structures 
through the use of photovoltaic glass panels, natural ventilation techniques, and on- 
site energy generation. Aside from energy generation of the building amounting to 
100% of the building’s needs, the materials used in construction and design strate-
gies in place are paramount to the building’s net-zero status. Specific attention is 
given to the V-shaped roof that responds to Florida’s climate as well as the wood 
louvers and plant-covered walls. This writing aims to investigate this material 
involvement with specific attention to the envelope and its relationship to the overall 
net-zero status of the structure (Fig. 33).

Identified as a humid subtropical climate, Orlando winters are mild and short, 
while summers are hot and sunny. Orlando averages 52  inches of rain per year, 
0 inches of snow per year, and above the national average of sunny days per year 
[44]. The average temperature in Orlando ranges from a high of 92 °F in summer to 
a low of 49 °F in winter [44]. In June to September, there are also frequent thunder-
storms and muggy weather. Hurricanes are likely to hit Florida during the summer 
and early fall [45]. Prior to the invention of air conditioners and the widespread use 
of this technology, open and breezy dwellings were the ideal choice of homes in this 
climate. The air conditioning in modern homes makes them more comfortable 
despite being tightly insulated [46]. Additionally, there are two envelope concepts 
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Fig. 33 Orlando McDonald’s Flagship. (Credit: Kate Joyce Studios, McDonald’s Flagship—
Orlando, Ross Barney Architects, 2020)

that are known to be efficient for Florida’s climate: (1) a compact shape to reduce 
the exterior wall area and (2) continuous insulation to ensure that the building enve-
lope has no interruptions. It is imperative that buildings in this climate zone are 
sealed tightly to avoid cool air indoors releasing outdoors and vice versa (Fig. 34).

 Sustainable Features

The McDonald’s Disney Flagship is part of a corporate McDonald strategy that aims 
to spread and implement net-zero energy-certified restaurants internationally. 
McDonald’s global sustainability efforts will be informed by data, including progress 
toward the company’s science-based target to reduce greenhouse gas emissions by 
36% by 2030, compared with 2015 [47]. Disney’s newly remodeled building is situ-
ated on the west side of the Disney property. In response to Florida’s climate and its 
site location, the restaurant is covered in solar panels, creating a sustainable and 
healthy environment. The design features natural ventilation for about 65% of the time 
[48]. By doing so, the restaurant takes advantage of the humid subtropical climate.

As presented in Fig.  35, one of the key sustainable elements in the project’s 
design is the use of green walls (Fig. 33). With the help of Florida-based architec-
ture and engineering firm CPH, Ross Barney Architects designed the plant selection 
utilized in the walls [49]. The plants were chosen according to the subtropical cli-
mate of Orlando. They are equipped with a plant care system that works to keep 
their facades green throughout the year [49]. The plant care system sends automatic 
updates to an app that keeps those involved in the wall’s design and maintenance 
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updated on the green wall’s condition [50]. The web-based system delivers the right 
amount of nutrients and water to the plants. Because the quantities of nutrients and 
water are monitored remotely, they can be adjusted easily [49]. In addition to these 
green walls, the company’s logo is also incorporated into a lush garden wall that 
absorbs additional CO2 [51]. In total, 1766 square feet of the living green walls are 
included in the project and help increase local biodiversity (Fig. 36).

Other sustainable strategies in place include paving materials that help reduce 
the heat island effect as well as pervious surfaces to redirect rainwater. Additionally 

Fig. 34 Climatic data, dry-bulb temperature, wind roses, and psychrometric chart
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located on the exterior of the building and resembling an outdoor play structure, the 
building site features stationary bikes that allow users to pedal in place, ultimately 
harnessing that kinetic energy, and charge their devices [52]. This kinetic energy 
can also be used to light up a display of the McDonald’s logo on one of the green 
walls. Sustainable and renewable energy generation of this sort represents the design 
commitment to a net-zero status as well as ingenuity and liveliness for all those who 
will visit the fast-service restaurant.

Fig. 34 (continued)
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Fig. 35 Sustainable strategies

Fig. 36 A green wall equipped with a plant care system can be seen on the exterior of the building 
from the parking lot. (Credit: Kate Joyce Studios, McDonald’s Flagship—Orlando, Ross Barney 
Architects, 2020)
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 Envelope

Although the building takes advantage of Orlando’s humid subtropical climate 
through the use of natural ventilation, it also contains a high-efficiency system of 
glazing. With wood louvered walls and fans, the indoor dining area can be extended 
as an outdoor entrance. A specific and efficient type of automatic window, coined 
“jalousie windows,” is utilized as the primary glazing material [48]. As shown in 
Fig. 37, temperature and humidity sensors in the exterior operate the windows to 
close automatically, and air conditioning is used instead of natural ventilation. In 
this way, the building functions similarly to vernacular Florida architecture prior to 
the invention of air conditioning where natural breezes are taken advantage of and 
used to cool indoor spaces. However, the dynamic aspect of the sensor system 
ensures indoor comfort even on the most humid of days.

Fig. 37 Operational “jalousie windows” and wood louvers are combined to provide shade and 
allow for natural ventilation when desired. (Credit: Kate Joyce Studios, McDonald’s Flagship—
Orlando, Ross Barney Architects, 2020)
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 Operational Versus Embodied Energy

The glazing system is not only operable but also integrated with photovoltaic (PV) 
panels. PV Glass panels with a size of 4809 square feet were manufactured by Onyx 
Solar and installed on the porch [48]. “Belnor Engineering’s Onyx Solar photovol-
taic glass” is the name of the specific glazing used in the building. With regard to its 
benefits, this type of glass can naturally illuminate various spaces with sunlight 
[53]. Additionally, it avoids UV and IR radiation while generating renewable energy 
[53]. Using these solar panels helps combine both active and passive properties. 
These panels both provide thermal and acoustic insulation [53] and consist of two 
layers of tempered glass, each of which is 14″ in height [51]. While the outermost 
layer is transparent, the interior layer is light gray [51]. A total of 192  units of 
291 watt/unit, gray-finished crystalline silicon glass are utilized in this system, pro-
viding a power of 55.80 kWp. Additionally, 66 monocrystalline silicon solar cells 
are embedded in the glass of each unit [51]. As a result of the PV glass panel system, 
an average light transmittance of 36% is achieved. This amount provides increased 
light in the dining area of the porch [51].

Although the PV glazing system is responsible for providing increased light in 
the dining area of the porch, it is not the only means of energy generation found in 
the building design. Other energy-generation strategies include 18,727 square feet 
of PV panels and 25 smart off-grid parking lot lights. The building additionally 
utilizes low-flow plumbing fixtures and LED lighting. In total, these strategies pro-
duce more energy than the restaurant uses [48]. A large portion of the corporate goal 
to reach net zero has been achieved by using solar energy (Fig. 35). The design 
includes 19,000 square feet of traditional solar panels on its roof and canopy and 
5000 square feet of wind-powered solar panels on the porch [51]. As a result, the 
building is capable of producing 679,000 kWh each year [51]. This energy genera-
tion is particularly important as it is utilized for the consumption of energy in the 
building’s kitchen systems (Fig. 38).

The diagrams below display data obtained by using the ATHENA® Impact 
Estimator for Buildings. Located in Ontario, Canada, the ATHENA® Impact 
Estimator for Buildings was developed by the Sustainable Materials Institute. As 
part of the institute’s mission, it leverages the life-cycle assessment in North 
America to promote sustainability in the built environment [50]. According to the 
developers, “robust life cycle inventory databases provide exact scientific cradle-to- 
grave information about building materials and products, transport, and construc-
tion and demolition activities” [53]. The Athena Institute connects designers to the 
power of life-cycle analysis without requiring them to become LCA experts them-
selves [53].

When the bill of materials has been provided, any part of a building has the 
potential to be modeled using the Impact Estimator. Using simple inputs, the Impact 
Estimator can create a bill of materials for users who do not have one. Examples 
include [51] foundations, footings, slabs, all below- and above-grade structure and 
envelope, windows and doors, and building interiors. Based on a 60-year life cycle, 
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Fig. 38 The underside of solar panels can be seen from the exterior dining area. (Credit: Kate 
Joyce Studios, McDonald’s Flagship—Orlando, Ross Barney Architects, 2020)

the study examines the overall building’s life cycle. According to ISO 14040, we 
can compare up to five design scenarios according to the US Environmental 
Protection Agency’s environmental impact categories [50]. In this study, the follow-
ing environmental metrics were used: Global Warming Potential, Smog Potential, 
Acidification Potential, Non-Renewable Energy, Eutrophication Potential, and 
Ozone Depletion Potential. As inputs to the Impact Estimator, a series of factors 
related to the building are considered in order to calculate the life-cycle impact of 
each factor on the above categories. There are five assemblies that consist of infor-
mation on the project: foundations, floors, columns and beams, roofs, and walls 
(Figs. 39 and 40).

The figure displays the comparison between different constructional categories 
that are used in the case study. The report compares the amount of CO2 emissions 
that each section can have on the environment (Fig. 41).

A comparison is made between operating and embodied in both primary energy 
and global warming potentials. Operating accounts for a greater share in both charts.

Figure 42 presents the comparison between different constructional categories 
that are used in the case study. The report compares the amount of O3 emissions that 
each section can have on the environment.
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Fig. 39 Envelope materials and integrated sustainable strategies

Fig. 40 Global warming potential
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Fig. 41 Left: operational versus embodied energy; right: global warming potential
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Fig. 42 Human health particulate and smog potential
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 Conclusion

Since its construction in 2021, the Orlando McDonald’s Flagship building has gar-
nered a large amount of press and attention due to the sustainable features included. 
Both the passive and active strategies employed by Ross Barney Architects are nec-
essary for the LEED Platinum status and regard that the design holds. Strategies like 
the louvered walls or V-shaped roof that respond to Orlando’s humid subtropical 
climate showcase the effort and effectiveness of these passive strategies in the build-
ing’s design. These strategies, combined with ingenuitive PV and other energy-
generation techniques, all contribute to the realized design of the Orlando 
McDonald’s Flagship building and its place as an innovative and exciting precedent 
for net-zero fast-service restaurants.

 Case Study: McDonald’s Flagship, Chicago

Architect: Ross Barney Architects

 Introduction

The McDonald’s Flagship, located in Chicago, Illinois, not only showcases the 
company’s corporate commitment to sustainability but also responds to Chicago’s 
continental climate and the city’s density through incorporation of green spaces. 
Designed by Ross Barney Architects in 2018, the building incorporates a solar per-
gola encompassing a pure glass box as the LEED Platinum design strategy. Located 
on the site of the long-standing, well-known “Rock ‘n Roll” McDonald’s, the design 
reuses elements from the 1985 structure while prioritizing pedestrian accessibility. 
The design brings natural elements, such as light and trees, indoors and utilizes 
permeable paving to reduce the heat island effect. Serving as the first commercial 
use of CLT in the city of Chicago, the design has been awarded a LEED Platinum 
status. This writing aims to investigate the role of material selection in the project 
with specific attention to the envelope and its relationship to the overall sustainable 
status of the structure (Fig. 43).

Identified as a continental climate, Chicago’s weather is not only affected by the 
sun and wind but also by Lake Michigan. Chicago is located directly on Lake 
Michigan and touches the southwestern portion of this piece of the Great Lakes. 
One way in which Lake Michigan affects the climate of Chicago is by moderating 
temperature swings due to its thermal mass [54]. Referring to the city’s nickname, 
“the windy city”, the lake also allows air to pass over its surface, leading to increased 
snowfall and high winds. Chicago averages 38 inches of rain per year, 35 inches of 
snow per year, and slightly below the national average of sunny days per year [55]. 
The average temperature in Chicago ranges from a high of 84 °F in summer to a low 

Environmental Dimensions of Climate Change: Endurance and Change in Material…



344

Fig. 43 McDonald’s Flagship, Chicago. (Credit: David Thaddeus)

of 19 °F in winter [55]. During a span of 5 days in 1995, the city of Chicago endured 
extraordinarily high temperatures that ultimately led to several hundred deaths [56]. 
Since then, the city of Chicago has made it a priority to identify urban heat areas and 
to adopt heat-reducing strategies in the construction and design of these areas. With 
the help from the US Department of Energy, the Passive Solar Industries council has 
set guidelines for climate-reactive passive strategies employed in the Chicago region 
[57]. While this information is specifically targeted to residential homes, much of 
the climate combattant information can also relate to larger structures such as the 
McDonald’s Flagship. These guidelines include techniques like added insulation 
and sun-tempering to allow for efficient natural heating and cooling of spaces spe-
cific to Chicago’s climate (Fig. 44).

 Sustainable Features

Located in the center of Chicago, a pedestrian-oriented quick-serve restaurant with 
a rooftop orchard stands out among the traditional McDonald restaurants many 
associate with the company name. However, the McDonald’s Flagship location in 
Chicago includes not only a sustainable site design but also energy reduction 
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strategies and an efficient material selection. The solar pergola itself, which encom-
passes the structure below, consists of over 1000 solar panels [58]. The pergola 
extends well beyond the interior structure beneath it, attempting to connect both of 
the interior and exterior spaces below. This structure sets a new precedent for car 
and pedestrian traffic in an attempt to rebalance the two user groups. Taking up an 

Fig. 44 Climatic data, dry-bulb temperature, wind roses, and psychrometric chart
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entire city block near the center of Michigan Avenue, the building serves not only as 
a restaurant but also as a public outdoor space. As there are no public parks within 
a one-third mile radius of the site, the McDonald’s Flagship location provides nec-
essary and usable space for the surrounding community. Considering the walkabil-
ity and pedestrian-oriented nature of the building, it is no surprise that this design 
resulted in a 72% increase in pedestrian friendly spaces from the original design [59].

While many buildings that reach a net-zero or LEED Platinum status are designed 
from the ground-up, the McDonald’s Flagship locations strategically utilize kitchen 
space and existing walls from the prior building into the final design. Ross Barney 

Fig. 44 (continued)
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Architects claimed that “The most sustainable building is one that is already built” 
[59]. Remaining in accordance with this quote, both the existing basement and 
kitchen of the previous building were retained and incorporated into the final build-
ing design. Existing walls were re-clad to improve thermal value and contribute to 
the sustainable status of the building. In addition to the reuse of existing materials, 
the McDonald’s Flagship made history as the first commercial building in the city 
of Chicago to use timber as the primary structural material. Both CLT and glulam 
were chosen for their light environmental impact. This primary structural system, 
together with the additional use of steel, combine to form the 19,000 square feet 
structure [60]. Both timber and steel elements are visible from the interior of the 
building’s dining area with 27 foot high ceilings, as illustrated in Fig. 45.

Possibly one of the most unique sustainable elements of the McDonald’s Flagship 
is the inclusion of plants and green space in and around the building (Fig.  46). 
Compared to the prior structure, there is over 400% more green space in the final 
design [61]. Over 70 trees are placed on-site around the exterior of the building and 
over 10,500 plants in total [58]. The outdoor plants are situated near permeable 
outdoor paving that reduces storm-water runoff and minimizes irrigation. Inside the 
structure, floating glass walls of native ferns and white birch trees can be seen from 
the dining area. As shown in Fig. 47, a row of harvestable apple trees is even visible 
from the interior of the dining area. Rooftop trees and a rooftop garden also contrib-
ute to the inclusion of plants in the design. All produce grown on-site – including 
apples, arugula, broccoli, kale, Swiss chard, and carrots – are donated to the Ronald 
McDonald House [59]. The inclusion of these plants helps improve air quality and 
create an oasis in the center of Chicago.

Fig. 45 Sustainable strategies. (Original diagram credit: https://corporate.mcdonalds.com/
corpmcd/en- us/our- stories/article/ourstories.new_flagship.html)
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Fig. 46 The McDonald’s Flagship was the first commercial building in Chicago to use timber 
framing as a primary structural element. (Credit: David Thaddeus)

 Envelope

The envelope of the Chicago McDonald’s Flagship could be reasonably broken 
down into two main categories: the solar pergola and the structure underneath it. 
The solar pergola, often described as the “big roof,” is supported by 12.75-inch 
diameter hollow structural section (HSS) columns [62]. Acting as both shading and 
energy-generating elements, the pergola consists of 1062 south-facing solar panels 
[59]. This large shading device hovers above the interior spaces below as well as the 
drive-through car line and is outperforming initial estimates modeled for energy 
generation, as shown in Fig. 48.
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Fig. 47 “Floating” white birch and fern trees can be seen from the interior dining room. (Credit: 
David Thaddeus)

The second “envelope” that can be identified when analyzing the Chicago 
McDonald’s Flagship building is the structure underneath the hovering pergola. A 
space of 12,720 square feet, more than half of the total area of the building, is a 
renovated space from the previous “Rock ‘n Roll” McDonald’s [58]. The materials 
here were kept in place and covered in a new concrete facade. In contrast to the 
opaque and heavy concrete used in the existing structure, much of the new restau-
rant is covered in glazing. This VS-1 vertical facade system curtain wall is unique in 
that the facade is held to the mullions without visually obtrusive bolts [63]. The 
slender design produces a sleek and clean appearance to the outdoors and vice versa.
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Fig. 48 The solar pergola hovers over the car lane providing shade and generating energy. (Credit: 
David Thaddeus)

 

Then McDonald’s Rock ‘n Roll. Chicago. (Credit: Caitphoto. Caitlin on Flickr) and Now 
McDonald’s Flagship, Chicago. (Credit: David Thaddeus)

As illustrated in Fig. 49, the CLT roof deck is left exposed from the underside 
and visible to customers. The CLT deck measures 7 inches in thickness at the hang-
ing atrium and 12 inches thick in the dining area [58].
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Fig. 49 A VS-1 vertical facade system curtain wall allows for natural light to enter interior spaces 
and views of the outdoors from the inside. (Credit: David Thaddeus)

 Operational Versus Embodied Energy

The Chicago McDonald’s Flagship location was awarded a LEED Platinum status 
due to the sustainable features implemented in the design. While much of the energy 
generation, specifically the solar pergola, may appear more visually distinctive to 
the customers at the location, the material selection and embodied energy in the 
materials used also greatly contribute to this status. As discussed above, the building 
is encompassed by a large solar pergola made up of over 1000 solar panels. This 
system generates enough energy to run approximately 60% of the building’s use 
[58]. As illustrated in Fig. 50, the operational energy production involved in the 
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Fig. 50 Energy production and consumption. (Original diagram credit: https://acrobat.adobe.
com/link/track?uri=urn%3Aaaid%3Ascds%3AUS%3A8aa2c8d4- d83e- 4e65- 969a- 997bf2c1cd50
#pageNum=1)

design saves McDonald’s nearly 50% of the overall energy costs to run the restau-
rant [58]. Other operational energy systems include interior LED light fixtures with 
daylight sensors, smart exterior lighting that is designed to reduce light pollution in 
the city, and electric charging stations for customers. These techniques together help 
support the operational costs and use of the kitchen and central heating and cooling 
systems.

Although active techniques are included in the design to reduce operational costs 
and save energy, passive strategies, such as embodied energy due to the material 
selection, also play a key role in the sustainable design of the structure. Reuse of the 
previously existing structure in the new structure ensured that a smaller amount of 
new materials would be needed for construction. This eliminates the cradle-to-grave 
process involved in the creation of new materials for buildings. In this way, concrete 
was able to be reused in the building’s structure with a smaller amount needing to 
be newly constructed. The concrete that was newly created utilized Carbon Cure 
Concrete, which sequesters recycled CO2 into fresh concrete mix [58]. In the por-
tion of the structure that was newly constructed, timber frame construction was used 
as the primary material selection (Fig. 47). It is estimated that the use of CLT in the 
building when compared to traditional construction methods equates to a saved car-
bon amount of 34,000 passenger vehicles off the road per year [58]. Not only does 
a natural and warm wood structure contribute to a more relaxed and inviting atmo-
sphere, but it also contains a low embodied carbon footprint (Fig. 51).

The diagrams below display data obtained by using the ATHENA® Impact 
Estimator for Buildings. Located in Ontario, Canada, the ATHENA® Impact 
Estimator for Buildings was developed by the Sustainable Materials Institute. As 
part of the institute’s mission, it leverages the life-cycle assessment in North 
America to promote sustainability in the built environment [59]. According to the 
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Fig. 51 Exposed timber roof deck elements can be seen from the interior dining area. (Credit: 
David Thaddeus)

developers, “robust life cycle inventory databases provide exact scientific cradle-to- 
grave information about building materials and products, transport, and construc-
tion and demolition activities” [63]. The Athena Institute connects designers to the 
power of life-cycle analysis without requiring them to become LCA experts them-
selves [63].

Any part of a building has the potential to be modeled using the Impact Estimator 
when the bill of materials has been provided. Using simple inputs, the Impact 
Estimator can create a bill of materials for users who do not have one. Examples 
include [54] foundations, footings, slabs, all below- and above-grade structure and 
envelope, windows and doors, and building interiors. Based on a 60-year life cycle, 
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the study examines the overall building’s life cycle. According to ISO 14040, we 
can compare up to five design scenarios according to the US Environmental 
Protection Agency’s environmental impact categories [59]. In this study, the follow-
ing environmental metrics were used: Global Warming Potential, Smog Potential, 
Acidification Potential, Non-Renewable Energy, Eutrophication Potential, and 
Ozone Depletion Potential. As inputs to the Impact Estimator, a series of factors 
related to the building are considered in order to calculate the life-cycle impact of 
each factor on the above categories. There are five assemblies that consist of infor-
mation on the project: foundations, floors, columns and beams, roofs, and walls.

Any section of the building must be devoid of various types of materials and 
constructional elements. The Chicago McDonald’s Flagship is mostly made up of 
CLT and wooden elements, while there are also steel columns and curtain walls. For 
any other elements that cannot be measured in one of the above assemblies, we can 
use the “Project extra materials” section. Regarding the operating energy consump-
tion, based on the information provided by the design team, the amount of electric-
ity in kWh per year was entered (Fig. 52).

The diagram shows the comparison between different constructional categories 
of the case study. In this chart, the highest CO2 emissions are found in walls and 
roofs due to the widespread use of glazing and steel components (Fig. 53).

The diagram shows the comparison between different constructional categories 
of the case study. In this chart, the highest SO2 emissions are found in walls and 
roofs due to the widespread use of glazing and steel components (Fig. 54).

The diagram shows the comparison between different constructional categories 
of the case study. Compared with previous charts, the highest concentrations of 
nitrogen (N) emissions are found in foundations, whereas in previous charts, it had 
less warming and acidification impact comparing walls and roofs. In part, this can 
be attributed to the use of concrete for foundations (Fig. 55).

The diagram shows the comparison between different constructional categories 
of the case study. It is interesting to note that concrete-made foundations have the 

Fig. 52 Global warming potential. (McDonald’s Flagship, Chicago)
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Fig. 53 Acidification potential (McDonald’s Flagship, Chicago)

Fig. 54 Eutrophication potential (McDonald’s Flagship, Chicago)

Fig. 55 Ozone depletion potential (McDonald’s Flagship, Chicago)
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Fig. 56 Non-renewable energy (McDonald’s Flagship, Chicago)

most impact on CFC emissions, which again shows the negative impacts of using 
concrete even in small quantities (Fig. 56).

The diagram shows the comparison between different constructional categories 
of the case study (Fig. 57).

The diagram makes a comparison between operating and embodied global 
warming potentials (Fig. 58).

Figure 59 displays the comparison between different constructional categories 
that are used in the case study. The report compares the amount of CO2 emissions 
that each section can have on the environment (Fig. 60).

The figure displays the comparison between different constructional categories 
that are used in the case study. The report compares the amount of O3 emissions that 
each section can have on the environment (Fig. 61).

A comparison is made between operating and embodied in both primary energy 
and global warming potentials. Operating accounts for a greater share in both charts.

Fig. 57 Non-renewable energy (McDonald’s Flagship, Chicago)
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Fig. 58 Envelope materials and integrated sustainable strategies

Fig. 59 Global warming potential
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Fig. 60 Human health particulate and smog potential

Fig. 61 Left: operational versus embodied energy; right: global warming potential
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 Conclusion

Since its completion in 2018, the Chicago McDonald’s Flagship building has gar-
nered a large amount of press and attention due to the sustainable features included. 
Both the passive and active strategies employed by Ross Barney Architects are the 
foundation for the LEED Platinum status and regard that the design holds. Most 
notably, the structure will forever serve as the first commercial use of CLT in the 
city of Chicago and has set a precedent for future McDonald Flagship locations. 
McDonald’s calls the transformation of this building the “Experience of the Future” 
‘with the goal of enhancing customer experience dramatically [60]. At the time of 
construction, nearly 5000 McDonald’s locations had been transformed to meet the 
“Experience of the Future” guidelines, although it can be argued that none have 
gained the recognition or utilized the vast amount of sustainable strategies that are 
in place at the Chicago McDonald’s Flagship location.

 Port of Portland Headquarters Building

Architect: ZGF

 Introduction

Designed by ZGF and constructed in 2010, the Port of Portland Headquarters build-
ing is ranked by Forbes as one of the 10 most high-tech sustainable buildings in the 
world. The building is located in Portland, Oregon, and reacts to the Mediterranean 
climate of the region. Both a high-performance glazing system and a reflective roof 
membrane actively minimize heat gain from this climate. The building program 
includes seven floors of public airport parking and three floors of office space, total-
ing 205,603  square feet [64]. Awarded the Smart Environments Award by the 
International Interior Design Association and Metropolis magazine, the design 
reaches a LEED Platinum status. This writing aims to investigate both operational 
and embodied aspects of the design with specific attention to the envelope and its 
relationship to the overall sustainable status of the structure (Fig. 62).

Identified as a Mediterranean continental climate, Portland, Oregon, is character-
ized by short warm summers and overcast very cold winters. During December, 
Portland’s cloudiest month, the sky is overcast nearly 75% of the time [65]. As a 
result, December is also the wettest month of the year with 6.8 inches of rainfall 
[66]. In contrast, Portland’s dry season is in summer, and cold season generally lasts 
from October to March. Portland averages 43 inches of rain per year, 3 inches of 
snow per year, and well below the national average of sunny days per year [65]. The 
average temperature in Portland ranges from a high of 81 degrees Fahrenheit in 
summer to a low of 36 degrees Fahrenheit in winter [65]. With the help from the US 
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Fig. 62 Port of Portland Headquarters building. (https://inhabitat.com/green-roofed- port- of- 
portland-headquarters- aims- for- leed- gold/)

Department of Energy, the Passive Solar Industries council has set guidelines for 
climate-reactive passive strategies employed in the Portland region [67]. While this 
information is specifically targeted to residential homes, much of the climate com-
battant information can also relate to larger structures such as the Port of Portland 
Headquarters building. Some of these guidelines include increasing insulation and 
adding exposure to the sun from the south. It should be noted that the magnetic 
north in Portland is 21 degrees of true north and should be corrected when consider-
ing light exposure (Fig. 63).

 Sustainable Features

While the form, being influenced by the shape of an airplane hull, is striking in 
itself, it is the sustainable features included in the design of the Port of Portland 
Headquarters building that has garnered attention from the public, which defines it 
as a noteworthy case study. The sustainable features of the structure expand beyond 
the building itself and are present in the site. Constructed wetlands on-site include 
both tidal and vertical flow wetland cells. Filled with native, naturalized, and flower-
ing plants that avoid attracting birds in close proximity to the airport, these wetlands 
additionally aid in the wastewater treatment [68]. Coined as a “Living Machine,” the 
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wastewater system is located in the interior lobby to serve a percent for the possi-
bilities of such technology, as illustrated in Fig. 64.

Occupying a total of 700 square feet indoors, the system additionally utilizes the 
outdoor wetlands to cycle water [70]. Compared to a similar structure of the same 
size, the Port of Portland Headquarters building decreases water use by 75% from 
the baseline due to the efficient water features, as shown in Fig.  65 [70]. An 

Fig. 63 Climatic data, dry-bulb temperature, wind roses, and psychrometric chart

Environmental Dimensions of Climate Change: Endurance and Change in Material…



362

ecological wastewater treatment system, the Living Machine system produces qual-
ity fresh water from both gray and black water without odors, chemicals, offensive 
by- products, or high-energy usage typical of conventional systems [71]. In their 
tidal flow cells, the Living Machine uses many plants to decontaminate incoming 
wastewater at levels far exceeding the Oregon Department of Environmental 
Quality’s standards. An additional benefit is that the plants enhance the overall 
beauty of the site and create a microclimate within and around the building [69].

Fig. 44 (continued)
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Fig. 64 Living Machine [69]

Fig. 65 The “Living Machine” mimics an interior garden while working to cycle wastewater. 
(https://www.mayerreed.com/portfolio/port- of- portland- headquarters- parking- garage/)

Above ground and located on the 9th floor of the structure is an extensive green 
roof amounting to a total of 10,000  square feet, as illustrated in Fig.  66 [70]. 
Additionally, helping to treat rainwater, this green roof aids in insulating the build-
ing and reducing the heat island effect. Other sustainable features included in the 
design of the Port of Portland Headquarters building include a high-performance 
glazing system utilized on the exterior of the building.
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Fig. 66 Sustainable strategies

 Envelope

The Port of Portland Headquarters building features a reflective roof membrane and 
high-performance glazing to minimize heat gain and energy consumption. An 
extensive eco-roof covers the roof of the 9th floor of the building, which reduces the 
heat island effect and offers a large surface area for rainwater treatment. Treatment 
of wastewater is assisted by a Tidal Flow Wetland Living Machine [72]. In addition 
to the high-performance glazing utilized, sensors are used for maintaining efficient 
and sustainable occupant comfort levels. By placing sensors and taking advantage 
of sidelight from windows, the lighting design is optimized. Light and occupancy 
sensors are included with each fixture as part of the control system in the open office 
[72]. In order to balance and control daylight, glare, and heat gain, automated exte-
rior shades and light shelves were utilized. Workstations are also equipped with task 
lighting to reduce the need for overhead lighting [72], as shown in Fig. 67.

 Operational Versus Embodied Energy

The Port of Portland Headquarters building utilizes efficient and high-tech solutions 
to energy generation and utilization. Below ground, 200 geothermal wells aid in 
managing heating and cooling [73]. The design for air inside the building consists 
of a dedicated outdoor air system (DOAS) that works in conjunction with the geo-
thermal wells below ground as well as a radiant ceiling system consisting of over 
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Fig. 67 Green roof. (https://inhabitat.com/green- roofed- port- of- portland-headquarters- aims-for- 
leed- gold/)

56,000 square feet of metal radiant ceiling panels [72]. The building’s plan is pri-
marily an open layout with shared offices divided by half-walls and does utilize an 
RCP system with underfloor ventilation. A traditional forced-air system, which is 
used throughout the rest of the building, provides the air conditioning for the smaller, 
contained break-out and meeting areas [74].

When compared to the average office energy use intensity (EUI) performance 
from the national CBECS 4 and California CEUS 5 datasets, the Port of Portland 
Headquarters building shows a drastic reduction of over 40% [75]. The total EUI 
currently amounts to 46 kBtu/ft^2. When compared to an office building built to the 
Oregon code 2010, it can be seen that the building uses 30% less energy than a tra-
ditional office structure. Although much lower in energy use than traditional office 
buildings, it should be noted that the Port of Portland Headquarters building uses 
15% more energy than the ASHRAE best-practice energy efficiency standard 100 
[75]. In addition to energy use, the Port of Portland Headquarters building also 
shows higher rates of occupant thermal comfort when compared to the baseline. As 
illustrated in Fig. 68, it should be noted here that a few zones of the Port of Portland 
Headquarters building have override controls for window blinds and thermostats 
that residents are given remote access to [74]. Along with the sensor technology, 
these contribute to efficient occupant comfort levels.

The diagrams below display data obtained by using the ATHENA® Impact 
Estimator for Buildings. Located in Ontario, Canada, the ATHENA® Impact 
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Fig. 68 Occupant comfort levels. (Original diagram credit: Caroline Karmann https://escholar-
ship.org/content/qt3cj9n3n4/qt3cj9n3n4_noSplash_22165b8afc25e451d393ae2571822695.pdf)

Estimator for Buildings was developed by the Sustainable Materials Institute. As 
part of the institute’s mission, it leverages the life-cycle Assessment in North 
America to promote sustainability in the built environment [68]. According to the 
developers, “robust life cycle inventory databases provide exact scientific cradle-to- 
grave information about building materials and products, transport, and construc-
tion and demolition activities” [69]. The Athena Institute connects designers to the 
power of life-cycle analysis without requiring them to become LCA experts them-
selves [69].

Any part of a building has the potential to be modeled using the Impact Estimator 
when the bill of materials has been provided. Using simple inputs, the Impact 
Estimator can create a bill of materials for users who do not have one. Examples 
include [65] foundations, footings, slabs, all below- and above-grade structure and 
envelope, windows and doors, and building interiors. Based on a 60-year life cycle, 
the study examines the overall building’s life cycle. According to ISO 14040, we can 
compare up to five design scenarios according to the US Environmental Protection 
Agency’s environmental impact categories [68]. In this study, the following environ-
mental metrics were used: Global Warming Potential, Smog Potential, Acidification 
Potential, Non-Renewable Energy, Eutrophication Potential, and Ozone Depletion 
Potential. As inputs to the Impact Estimator, a series of factors related to the building 
are considered in order to calculate the life-cycle impact of each factor on the above 
categories. There are five assemblies that consist of information on the project: foun-
dations, floors, columns and beams, roofs, and walls (Fig. 69).

Figure 70 displays the comparison between different constructional categories 
that are used in the case study. The report compares the amount of CO2 emissions 
that each section can have on the environment.

A comparison is made between operating and embodied in both primary energy 
and global warming potentials. Operating accounts for a greater share in both charts 
(Fig. 71).

Figure 72 displays the comparison between different constructional categories 
that are used in the case study. The report compares the amount of O3 emissions that 
each section can have on the environment.
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Fig. 69 Envelope materials and integrated sustainable strategies

Fig. 70 Global warming potential
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Fig. 71 Left: operational versus embodied energy; right: global warming potential

Fig. 72 Human health particulate and smog potential
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 Conclusion

The Port of Portland Headquarters building reacts to the Mediterranean climate of the 
region through both passive and active techniques that contribute to the design’s label 
as a LEED Platinum building. Most notably, the sustainable features of the structure 
expand beyond the building itself and are present in the site as represented through the 
complex living machine. Due in part to the green roof, PV energy generation, and 
geothermal wells, the building uses 30% less energy than a traditional comparable 
office building. These statistics, combined with the ingenuity of the design, mark the 
Port of Portland Headquarters as a prime example of sustainable design in the USA.
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Towards Climate Neutrality: Global 
Perspective and Actions for Net-Zero 
Buildings to Achieve Climate Change 
Mitigation and the SDGs

Mohsen Aboulnaga and Maryam Elsharkawy

“Start carbon neutrality now! Each country, city, financial institution and company should 
adopt plans for transitioning to net-zero emissions by 2050 and take decisive action now”. 
Antonio Guterres, Secretary General of the United Nations [1]

 Introduction

It all begins with a question! Are buildings efficient enough to meet their energy 
demand and rely on renewable sources to generate clean energy? The term low- 
carbon city including low- carbon buildings (Box 1) has recently been used in 
response to the climate crisis. By and large, the answer simply is not, and buildings 
nowadays consume a large amounts of energy and emit a colossal amount of green-
house gases (GHG), mainly carbon dioxide – CO2 (Fig. 1). In the old days, build-
ings were built from locally sourced materials and responded effectively to climate 

Box 1 Low-Carbon City
Low-carbon City (LCC) means a sustainable urbanisation approach that focuses on 
curtailing the anthropogenesic carbon footprint of cities by virtue of minimizing or 
eliminating the utilisation of energy sourced from fossil fuel. It combines the futures 
of Low-carbon society and low-carbon economy while supporting partnerships 
among governments, private sectors and civil societies. Sustainable Cities and 
Communities, Springer [2]
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conditions, hence, consuming less energy and emitting less carbon as shown in 
Figs. 2, 3, and 4.

The evolution of building solutions in the construction industry does not stop, 
and with the increasing consciousness about the depletion of resources and environ-
mental awareness, the sustainability dimensions of any building is becoming man-
datory in climate mitigation [3]. The concept of climate neutrality has been 
expanding in all building types to mitigate CO2 emissions to a minimum level and 
offset the remaining emissions as well [4]. The avoidance of all building-related 
GHG emissions means that all buildings are considered “climate-neutral.” Global 
initiatives worldwide aimed at enhancing climate neutrality and achieving net-zero 
energy levels are considered one of the most important steps in pushing for creating 
climate action plans in cities. Action plans provide more specific guidelines and 
solutions required in order to mitigate climate change in each city [5]. The use of 
renewable energy resources is the first step utilized to reach net-zero energy models 
meaning that the production of the energy in the system will approximately cover 
the total system energy operational needs [6]. Figure 5 presents a vivid exemplary 
model of a net-zero complex, the Terra – The Sustainability Pavilion at Expo 2020 
Dubai. Another significant step is the application of sustainable and green building 
solutions to act against pollution and emissions production, waste management, and 
energy saving by reducing total energy consumption [7]. Nevertheless, green build-
ing doesn’t mean net-zero. Box 2 presents the definition of net-zero.

Fig. 1 Buildings nowadays consume large amount of energy from nonrenewable sources and emit 
the same of carbon emissions. (Image credit and source: Mohsen Aboulnaga)
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Fig. 2 Buildings were built in Brussels, Belgium, in the seventeenth century to respond to climatic 
conditions and use less amount of energy due to locally sourced materials. (Image credit and 
source: Mohsen Aboulnaga)

Energy consumption in buildings has been rapidly increasing in the past years 
more than in other main sectors such as the transportation and industrial sectors [8]. 
Residential and commercial buildings, according to Ortiz et  al., have steadily 
increased their contribution to global energy consumption, with estimates ranging 
from 20% to 40% in developed countries [9]. It is highly expected that energy con-
sumption will increase in the next few years due to the continuous demand for 
energy to achieve higher comfort levels inside buildings, as well as the increasing 
demand for building services due to the massive population growth all around the 
world. The energy demand and the growing energy use caused and still causing a lot 
of adverse effects on the environment, during the period from 1984 to 2004, carbon 
dioxide (CO2) emissions have increased by 43%, so the energy usage in buildings 
could be considered as one of the main reasons of global warming and ozone deple-
tion [10]. According to the International Energy Agency (IEA), global energy- 
related CO2 emissions will increase by 6% to 36.3 billion tonnes in 2021, the highest 
level ever [11]. Hence, the urge to build low-carbon buildings (environment-friendly 
buildings) or net-zero buildings that use all energy needed from renewable and 
clean sources while reducing carbon emissions is exclaimed as net-zero build-
ing [12].
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Fig. 3 Buildings in the medieval city of, in Belgium respond to climatic conditions and use less 
amount of energy due to locally sourced materials. (Image credit and source: Mohsen Aboulnaga)

Box 2 Net-Zero-Energy Building
Net-zero energy building means a building that combines energy efficiency and 
renewable energy generation to consume only as much energy as can be produced 
onsite through renewable resources over a specified time period. Department of 
Energy – Office of Energy Efficiency & Renewable Energy, USA [13]
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Fig. 4 Medieval stones and slates of buildings in Ghent, Belgium, to respond to the climatic con-
ditions and use less energy due to locally sourced materials. (Image credit and source: Mohsen 
Aboulnaga)

 Why Net-Zero?

The energy crisis, in terms of skyrocketing prices increase and current shortage of 
supply in the third quarter of 2021, coupled with the impact of the COVID-19 crisis 
and rapid population growth, will force city leaders and local governments to rethink 
and develop cities to meet climate neutrality. In 2022, this crisis becomes cata-
strophic due to the Russian-Ukraine war, which not only forces the oil price to reach 
almost 120.00 US$ since June 6, 2022, but also severely distributes and/or halts the 
energy and food supply worldwide [14]. According to Khassan et al., a zero-energy 
building can be identified as a building that has zero-net energy consumption, or in 
other words, it is the building that depends on renewable energy only. This means 
that the overall consumption of a building is being used from renewable energy 
sources such as the solar panels, wind turbines, and any other clean sources [15]. 
According to Kaewunruen et  al., the use of solar energy has become critical for 
obtaining a zero-energy building since it provides the building with a good amount 
of energy, especially at places where the sun is always available [16]. Referring to 
the European Union (EU), from the beginning of 2020, the new buildings should be 
near-zero-energy buildings. According to El Sayary and Omar, the first step towards 
achieving a net-energy balance of zero would be to reduce the amount of electricity 
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Fig. 5 A net-zero model (Solar Complex) Terra  – The Sustainability Pavilion at Expo 2020 
Dubai – by Grimshaw Global. (Image credit and source: Mohsen Aboulnaga & Amina El-Haggan)

committed and then meet the remaining demand with onsite renewable energy 
sources [17]. Hence, a net-zero-energy building (NZEB) cannot rely only on the 
amount of energy generated from clean energy, but it also depends on other tech-
niques and materials used to reduce the need for excessive energy consumption. As 
part of a research project to create a detailed strategy to achieve net-zero-energy 
performance level in Egyptian office buildings, Suzuki and Sumiyoshi conducted 
building energy simulation towards developing a guideline for NZEBs in Egypt 
[18]. According to Pye et al., an existing residential building was modeled and rede-
signed to achieve net-zero-energy consumption; this residential building was 
mocked up in three different versions to compare enhancements in energy perfor-
mance, such as boosting the thermal efficiency of the building envelope, increasing 
wall thickness, and inserting smart windows (switchable windows). When com-
pared to the original townhouse, these three solutions can save energy and cost by 
8.16%, 10.16%, and 14.65% respectively [19]. Fankhauser et al. also defined the 
net-zero meaning and how to get it right [20].

M. Aboulnaga and M. Elsharkawy



379

 What Is a Net-Zero City?

The Climate Adaptation Platform (CAP) defined net-zero city as follows: “It is a 
city that promotes energy efficiency and renewable energy in all its sectors and 
activities, extensively promotes green solutions, applies land compactness with 
mixed land use and social mix practices in its planning systems, and anchors its 
local development in the principles of green growth and equity. The concept of net- 
zero carbon emissions operates through social, political, and financial consider-
ations” [21]. However, another net-zero city definition is portrayed in Box 3 [22]. 
Figure 6 shows examples of renewable energy and energy efficiency manifested in 
Fujisawa smart, low-carbon, and sustainable city in Yokohama, Japan, and Masdar 
net-zero city in Abu Dhabi, UAE.

 What Is Climate Neutrality?

“Climate neutrality” is identical to the net phaseout of all GHG emanations, while 
“GHG neutrality” has the same sense, in spite of the fact that it is more particular 
than climate neutrality. However, “carbon neutrality” encounters the same percep-
tion but only includes CO2 emissions. Climate neutrality in general indicates zero 
GHG emissions over the building’s entire life cycle. The term “GHG neutrality” or 

Box 3 Definition of Net-Zero City
It is a city that produces sustainable, carbon free energy in amounts equal to, or 
exceeding, the amount which it consumes, which may be accomplished through a 
combination of the following (as well other) strategies: (i) integrating renewable and 
distributed energy generation sources (i.e., supply side; (ii) Smart grid technologies 
to increase energy efficiency, increase the usage of clean power, ad reduce overall 
consumption, particularly at peak demand periods; and (iii) energy storage technolo-
gies. Council Climate Oversight Group (CCOG) [22]

Fig. 6 Elements of net-zero in Fujisawa smart, low-carbon, and sustainable city in Yokohama, 
Grater Tokyo, Japan, and Masdar’s net-zero city in Abu Dhabi, UAE (Source: Mohsen Aboulnaga). 
(a) Integrated solar PV panels with green roofs. (b) Solar PV panels installed on buildings’ 
rooftops
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Fig. 7 Various types of building neutrality to mitigate climate change. (Source: developed by 
authors after [3])

“climate neutrality” refers to the total amount of different emission classifications, 
which include emissions from embodied energy, operational energy, industrial pro-
cesses, and non-CO2 GHG emissions [3]. Figure 7 lists the various types of building 
neutrality to mitigate climate change, while Fig.  8 presents the definition of 
these types.

 The Importance of Net-Zero Cities

The concept of net-zero carbon emissions operates through social, political, and 
financial considerations. In this context, seven characteristics of net-zero, which are 
basic to create a viable framework for climate action, were recognized [23]. The 
properties emphasize the necessity for social and characteristic judgment. This 
implies that carbon dioxide (CO2) removals have to be utilized cautiously and the 
utilization of carbon offsets effectively.

Despite the fact that net-zero target being set, but a query arises on how current 
net-zero target align [23]. Net-zero must be balanced with broader viable progres-
sion objectives, which recommend an impartial net-zero move, socio-ecological 
supportability, and the interest of wide money-related support. Therefore, limiting 
temperature rise requires a change in the rate of CO2 release into the atmosphere and 
removal into sinks. This point of view offers an arrangement of translations of what 
net-zero implies and how it ought to be accomplished. Nonetheless, these clarifica-
tions guarantee consistency with worldwide temperature objectives, while inserting 
net-zero into sociopolitical and lawful settings. In debate, it is conceivable to adjust 
net-zero with maintainable improvement targets, permit for distinctive stages of 
improvement, and secure zero-carbon success [24], and in any case, there are a few 
clear limitations.

Net-zero commitments are not an elective to critical and comprehensive outflows 
cuts. The “net” in net-zero is fundamental, but the requirements for social and natu-
ral keenness force firm imperatives on the scope, timing, and administration of both 
carbon dioxide expulsion and carbon offsets [24]. To understand the various actions 
to achieve net-zero, there are about six principles that assist in attaining such actions, 
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Fig. 8 Definitions of neutrality types to mitigate climate change. (Source: Developed by authors 
after [3]

Net-zero       principles 

Renewable energy 
production

Best practice of 
energy & waste 

efficiency

Zero emissions 
(Transport)

Reduce emissions 
through supply 

chains

Reduce 
construction 

impacts

Offset any 
remaining carbons

Fig. 9 Actions to achieve net-zero principles. (Source: Developed by authors)

including (a) renewable energy production, (b) best practice of energy and waste 
efficiency, (c) zero emissions (transport), (d) reduction of emissions through supply 
chains, (e) reduction of construction impacts, and (g) offset any remaining carbons 
(Fig. 9).
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There are many examples of net-zero in various sectors in cities, but these are not 
enough to reach the COP26 and GCP 2021 aiming at mitigating 45% of CO2 by 
2030 (almost 8  years today) and achieve net-zero by 2050 [24]. Therefore, it is 
imperative to highlight that many examples that are considered low-carbon or near- 
zero buildings, net-zero energy, or net-zero heating whether in buildings or in trans-
port worldwide could guide the architects and local authorities to follow if not 
enhance future models.

 Recent Exemplary Model of Net-Zero Buildings, 2021 to 2022

Between the years 2021 and 2022, there are some vivid examples that have adopted 
the concept of low-carbon and NZEBs and have showcased clean energy manifesta-
tion. These are the iconic BEEAH Headquarters in Sharjah, UAE, designed by Zaha 
Hadid Architects; the UAE Pavilion, designed by Santiago Calatrava; and The 
Terra – The Sustainability Pavilion – designed by Sir Nicholas Grimshaw at EXPO 
2020 Dubai (Fig. 10).

 BEEAH Headquarters in Sharjah UAE by Zaha 
Hadid Architects

The smart and sustainable building – the last project, designed by the late renowned 
architect Zaha Hadid – reveals highly efficient operational energy performance and 
smart technologies. The building, the first fully artificially intelligent (AI) complex 
in the world, was recently inaugurated on March 31, 2022. The design concept is 
inspired from nature – the desert – and it mimics sand dunes while creating curvi-
linear roofs. The design is centered on a two-pillar strategy, which addresses sus-
tainability and digitalization [25, 26]. In addition, a large number of solar 

Fig. 10 Examples of net-zero and near-zero buildings. (Source: Developed by authors)
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(a) Clima�c building shape of interlocking dunes (b) Flowing efficient envelope of the smart building  

Fig. 11 The iconic net-zero, smart, and artificial intelligent building – BEEAH Headquarters in 
Sharjah, UAE. (Images’ credit and source: Fearandloathingindubai https://commons.wikimedia.
org/wiki/File: BEEAH_headquarters.jpg). (a) Climatic building shape of interlocking dunes. (b) 
Flowing efficient envelope of the smart building

photovoltaic (PV) arrays are installed onsite to enhance the sustainable energy pro-
duction, hence contributing to mitigating the CO2 emissions of the building [27]. Its 
design concept incorporated overall shapes of interlocking dunes that respond to the 
desert climate with specific orientation as presented in Figs. 11 and 12. The LEED- 
certified building also exploited local materials and smart technologies, such as 
onsite water treatment, energy storage via Tesla batteries, and glass-reinforced skin 
that regulates solar heat gain [28].

By examining the BEEAH artificial intelligent and net-zero building, it is clear 
that such a building, which spreads over a floor area of 7000 m2, incorporates the 
following smart and green technologies integrated within this iconic headquarters 
[27, 28]:

• Installed solar power plant to generate 20,000 kW (20 MW) to achieve net-zero 
emissions.

• Lightweight glass fiber reinforced concrete (GFRC) – approximately 4000 pan-
els to reduce solar radiation and maximize emittance.

• AI integrated ERP systems’ streamlines all business functions to ensure speed 
and efficiency in the workspace (smart meeting rooms).

• AI systems developed by Microsoft, Johnson Controls, and EVOTEQ.
• High-tech infrastructure allows the entire environment to be monitored in 

real-time.
• Analyze volumes of data to optimize building performance.
• A zero-energy strategy with optimum energy efficiency.
• Smart parking navigation and spot preservation.
• Smart security and access control using facial recognition.
• Office access and building navigation tools.
• Companion app for user guidance before entering the building.
• Productive visitor interactivity through AI concierge.
• Peak working conditions and comfort as well as light and temperature control.
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Fig. 12 General view of the envelope and roof of BEEAH Headquarters’ net-zero and smart 
building at night. (Image credit and source: Hufton Crow, https://www.zahahadidarchitect.com)

• Above 90% of materials used for constructing the building are locally sourced 
and recycled.

• Onsite solar PV farm with Tesla pack battery.

 The Terra – The Sustainability Pavilion EXPO 2020 Dubai

The complex encompasses 19 energy trees (E-trees); each of the 18 E-tree cano-
pies – 130 meters wide – emulates the sun flower as shown in Fig. 13. All E-trees 
rotate 180 degrees to increase the efficiency of the cells that generate 4 GWh of 
renewable energy as well as produce water from recycled rainwater [29]. There are 
4912 ultraefficient monocrystalline PV panels, covering an area of more than 6000 
sq.m, which are installed on the 18 trees (each ranging from 15–18 m in diameter) 
and implanted in glass panels [29, 30]. The Terra – Sustainability Pavilion – gener-
ates 28% of the energy needed to power the building [29 27] as presented in Fig. 13. 
The combination of the cell and the glass casing permits the building to harness 
solar energy, while granting shade and daylight for visitors. Each E-tree has a can-
opy serving as a large storm water harvesting and dew that replenishes the build-
ing’s water systems [30] and harnesses energy (Fig.13). In addition, the Pavilion 
after Expo will be used as a museum of sustainability to reflect such legacy. 
Figure 14 illustrates the elements used in the Terra Pavilion.
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Fig. 13 The Terra  – The Sustainability Pavilion generating 4 GWh annually from renewable 
energy. (Images’ credit and source: Mohsen Aboulnaga and Aya Ghobashy)

The Sustainability Pavilion is designed by the famous British firm Grimshaw 
Global. According to Grimshaw Global, key sustainability issues are centered on 
six main factors, including (a) project site, (b) transect zone/climate zone, (c) ecore-
gion, (d) operation energy/carbon, (e) embodied energy, and (f) water [31]. In align-
ment with the SDGs, the Pavilion achieved five SDGs, including goal 6 (clean water 
and sanitation), goal 7 (clean and renewable energy), goal 9 (innovation and infra-
structure), goal 12 (responsible consumption and production), and goal 13 (climate 
action), in addition to goal 4 (quality education in the Legacy mode). A summary of 
the key sustainability features are listed below [31]:
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Fig. 14 Elements exploited in the Terra  – The Sustainability Pavilion at EXPO 2020 Dubai. 
(Image source: Developed by authors after Grimshaw Global)

• Energy trees – Eighteen E-trees that support a smaller axially rotating PV array 
dish on a long stem, furnishing 4000 m2 of solar PV panels generating about 2.6 
GWh power yearly.

• Canopy – The 135-meter-wide multifunction canopy encompasses 1055 solar 
PV panels covering an area of 8000 m2.

• The Pavilion energy demand – Produces its own power of 4 GWh which is made 
available by energy-saving techniques through the building passive design.

• Daylight – Captured where appropriate and a range of light pipe and fiber-optic 
systems are incorporated to furnish daylight to deep spaces.

• Canopy shading – The shading provided by the canopy reduces energy use of the 
internal exhibition spaces by decreasing the solar radiation impinging on them.

• Buried accommodation – The Pavilion sits partially below ground, providing a 
thermal effect which is generally cooler than the ambient temperature in summer.

• Night cooling – Low landscape to southeast of the site maximizes inflow of cool 
night air.

• Canopy materials – It was built from steel with 97% recycled content and manu-
factured at a site 15 minutes away from the Pavilion.

• Cement and embodied carbon reduction  – Strategies to mitigate the use of 
cement included constructing about 10,900 m2 of upper floors with bubble decks 
that uses around 25% less concrete and resulting in less steel compared to solid 
concrete slabs.

• Comfort – Earth below ground is fairly cooler due to its high thermal mass; this 
provides comfort during used periods.

• Water – Rainwater is harvested and percolated into landscape to recharge the 
groundwater, which is then being extracted and treated for use as potable water 
within the building, corresponding to a net-zero water ambition.

M. Aboulnaga and M. Elsharkawy



387

• Ecology – Integrated into this landscape of native and adapted species are new 
crops that produce zero-km food and biofuels.

• Education – The design of each exhibit space promotes learning by school groups 
and other arranged uses, specifically after Expo and in Legacy.

 UAE Pavilion EXPO 2020 Dubai

The second recent near-zero-energy building is the UAE Pavilion, which was 
inspired from the desert nature biodiversity (Falcon). The iconic pavilion features 
many green technologies and smart solutions (Fig. 15). The pavilion, which was 
designed by the famous architect, Santiago Calatrava, is spread over 15,000 square 
meters as illustrated in Fig. 16 [32]. The building has 28 floating movable wings that 
emulate the falcon’s wings and cover the building’s roof. Each wing has solar PV 
arrays to generate clean energy and is covered by dynamic rips to protect these pan-
els from rain and dust during sand storms [33–35] as presented in Figs. 16 and 17 .

 Global Examples of Net-Zero-Energy Buildings

NZEBs around the world incorporate different feasible vitality arrangements that 
consolidate and progress the building CO2 outflows, i.e., cooling framework coef-
ficient of execution COP26 and producing clean energy. All these arrangements 

Smart and
Sustainable
Building

28-floating
wings with
solar PV
panels 

Generate
clean
energy 

Each wing has a
kinetic rip to close
after sunset to
protect the PVs
from dust 

Each rip opens
automatically
at sunrise

The system
improves
the efficiency of
the PV panels
in generating
power

The design of the
building is inspired
from nature
(Desert Falcon)

Fig. 15 Features integrated in the UAE Pavilion at EXPO 2020 Dubai. (Image source: Developed 
by authors)
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Fig. 16 The iconic UAE Pavilion with 28 floating wings integrating solar PV panels, EXPO 2020 
Dubai. (Image credit and source: Mohsen Aboulnaga and Amina El-Haggan)

Fig. 17 The floating wings generate clean energy from renewable sources for the building energy 
annual consumption. (Image credit and source: Mohsen Aboulnaga and Amina El Haggan)

M. Aboulnaga and M. Elsharkawy



389

have a more noteworthy viewpoint towards climate moderation and offered to 
worldwide directions and developments [36]. Global examples of net-zero build-
ings have exempted huge transitions in terms of innovation and clean energy pro-
duction to ensure the lowest carbon emissions by buildings and adoption of GHG 
offset measures. There are multiple techniques and strategies that can be applied 
that serve the needs of each case to adapt to the surrounding conditions. Figure 18 
portrays the examples selected for case studies that address net-zero energy targets.

 Dalian Convention Centre in Dalian, China

The new conference center and opera house of Dalian are living proof of the Chinese 
sustainable construction goals. It is designed by Austrian architect Wolf D. Prix, 
where energy consumption levels are kept at minimum through the use of thermal 
energy, passive ventilation, and solar energy [37]. Allowing the building to produce 
energy using seawater helps in cooling the building in summer and its heating in 
winter as presented in Figs. 19. As illustrated in Fig. 19a, the building is covered by 
a huge number of integrated PV cells on the curved roof to generate clean energy. 
Figure 19b portrays the magnificent flowing building at night. The façade is created 
to protect the building from solar radiation, while maintaining an adequate amount 
of sunlight and natural light inside the center’s spaces (Fig. 19c, d). In the smart and 
green buildings, the following features are adopted and integrated:

• Net-zero building
• Use of renewable energy (solar PV) covering the rooftop to generate clean energy
• Integrate high emissivity and reflectance metal material on the building’s smart 

envelope
• Achieve energy efficient, smart, and green building to mitigate CO2 emissions
• Use seawater for cooling and heating by virtue of heat pumps
• Enhance comfort by controlling daylight
• Provide good sunlight inside the spaces while minimizing heat and glare

 National University of Singapore, Singapore

Within Asia, another net-zero building has been developed and operated in 
Singapore. This net-zero building is the Singapore Design and Environmental 
School where solar PV arrays are integrated to generate clean energy. At the National 
University of Singapore, the University Hall, which is a remarkable net-zero build-
ing, is designed by Serie Architects and Singapore studio, Multiply Architects 
(Fig. 20). As shown in Fig. 20a, b, the building is intended to operate as a NZEB and 
generate its own energy needs from clean sources [38]. Figure 21 presents a side 
view of the University Hall, while Fig.  22 shows the shaded glass by the roof 
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1. Dalian Conven�on 
Centre in Dalian, China 

2. University Hall, Na�onal 
University of Singapore  

3. CIC zero-carbon 
Building, Hong Kong

4. The NIER–CCRC Building, 
Incheon, SK  

5. Incheon-Seoul  Int’l Airport,
Incheon, S. Korea  

6. Incheon Na�onal 
University, S. Korea 

7. UN Headquarters, G-
Tower in Incheon, SK

8. Lumen building, Wageningen 
University, The Netherlands 

9. The Edge Office  
building in Amsterdam

10. GSK’s Lab. building, 
No�ngham University, UK  

11. DeepStone House in 
Scotland, UK 

12. Solar Se�lement & Sun 
ship, Germany  

2 4

13. Plus-energy  
house, Germany 

14. Kunsthaus Bregenz Ar
Museum, Austria 

15. A Holiday 
Home, Spain 

16. Unisphere 
Building, USA

17. NREL campus,   
Colorado, USA 

 18. La Jolla 
Commons, CA

Fig. 18 Selected global buildings’ examples integrating net-zero-energy strategies. (1) Dalian 
Convention Centre in Dalian, China. (2) University Hall, National University of Singapore . (3) 
CIC zero-carbon Building, Hong Kong. (4) The NIER–CCRC Building, Incheon, SK . (5) Incheon- 
Seoul Int’l Airport, Incheon, S.  Korea . (6) Incheon National University, S.  Korea. (7) UN 
Headquarters, G-Tower in Incheon, SK. (8) Lumen building, Wageningen University, The 
Netherlands. (9) The Edge Office building in Amsterdam. (10) GSK’s Lab. building, Nottingham 
University, UK. (11) DeepStone House in Scotland, UK. (12) Solar Settlement & Sun ship, 
Germany. (13) Plus-energy house, Germany. (14) Kunsthaus Bregenz Art Museum, Austria. (15) 
A Holiday Home, Spain. (16) Unisphere Building, USA. (17) NREL campus, Colorado, USA. (18) 
La Jolla Commons, CA
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(a) Dalian Conference Center’s external façade acts as a 
screen light penetra
on

(b) General view of the vivid Dalian Conference Center 
in Dalian city at night. 

(c)  The building system controls facades and maintains 
ven
la
on and provides sunlight  

(d) The interior consists of green areas to purify the 
atmosphere and skylights permit daylight.  

Fig. 19 Dalian Convention Center in Dalian China, a near-zero-energy building. (Image credit 
and source (a–d): Forgemind ArchiMedia, https://commons.m.wikimedia.org/wiki/File:Dalian_
International_Conference_Center.jpg). (a) Dalian Conference Center’s external façade acts as a 
screen light penetration. (b) General view of the vivid Dalian Conference Center in Dalian city at 
night. (c) The building system controls facades and maintains ventilation and provides sunlight. 
(d) The interior consists of green areas to purify the atmosphere and skylights permit daylight

canopy and inclined columns of Yong Siew Toh Conservatory at the National 
University of Singapore in Singapore.

 The CIC Zero Carbon Building in Hong Kong, China

The third example of net-zero-energy building is the CIC Zero Carbon Complex in 
Hong Kong, China. It is a pioneering project that exhibits the state of the art in zero- 
carbon building (ZCB) technologies and raise community awareness of sustainable 
living in Hong Kong, China. The CIC Zero Carbon Building achieves significant 
energy savings through daylighting, cross-ventilation, a high-performance façade, 
high-volume-low-speed fans, radiant cooling, and desiccant dehumanization 
(Figs. 23 and 24). The entrance of the Zero Carbon Building is covered by a large 
area of solar PV arrays which is illustrated in Fig. 25. Besides, local materials, such 
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(a)  The entrance of the University Hall building, Na�onal University of Singapore

(b)  Close up of the University Hall building, the Na�onal University of Singapore 

Fig. 20 The net-zero University Hall Building, National University of Singapore, Singapore 
(Images credit and source: (a) Sengkang, https://commons.wikimedia.org/wiki/File:NUS,_
University_Hall,_Nov_06.JPG); (b) Alex.ch, https://commons.wikimedia.org/wiki/
File:University_Hall,_National_University_of_Singapore_- _20070125.jpg). (a) The entrance of 
the University Hall Building, National University of Singapore. (b) Close-up of the University 
Hall Building, the National University of Singapore
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Fig. 21 Side view of the net-zero University Hall, National University of Singapore, Singapore. 
(Image credit and source: Joshua Rommel Hayag Vargas https://commons.wikimedia.org/wiki/
File:University_Hall,_National_University_of_Singapore,_February_2020.jpg)

as glass and timber, were used to further lower the carbon footprint of the building 
and onsite PVs as well as a large-scale biodiesel generator that produces more 
energy than the building consumes [39].
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Fig. 22 Glazed façade of the Yong Siew Toh Conservatory at the National University of Singapore, 
Singapore. (Image credit and source: Joshua Rommel Hayag Vargas, https://commons.wikimedia.
org/wiki/ File:YST_ Conservatory, _National_University_of_Singapore,_February_2020.jpg)

 National Institute of Environmental Research (NIER) Building 
in Incheon, South Korea

The fourth iconic example that demonstrates solutions and technologies for zero- 
carbon building is the National Institute of Environmental Research (NIER) in 
Incheon, South Korea. The NIER and Climate Change Research Building in Incheon 
is South Korea’s first zero-carbon building; it was completed in 2010 and ranked the 
world’s first carbon-neutral and net-zero-energy commercial-scale office building 
as well as the world’s fourth largest NZEB as of 2012. The building includes the 
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Fig. 23 The CIC Zero Carbon Building layout. (Image credit and source: Wpcpey, https://
commons.m.wikimedia.org/wiki/File:CIC_Zero_Carbon_Building_Overview_201708.jpg)

Fig. 24 Back view of the CIC Zero Carbon Building showing the solar PV panels on top of the 
roof. (Image credit and source: Ceeseven, https://commons.m.wikimedia.org/wiki/File:CIC_
Zero_Carbon_Building.jpg)

office of Climate Change Research Center (CCRC). It is considered as the world’s 
4th zero-carbon building as of 2012. The building’s facades are cladded by solar PV 
arrays as shown in Fig. 26. The NIER building exhibits the state of the art in zero- 
carbon building technologies [40]. Figure 27 also illustrates different types of solar 
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Fig. 25 The entrance of the CIC Zero Carbon Building showing the solar PV arrays. (Image credit 
and source: Ceeseven, https://commons.m.wikimedia.org/wiki/File:CIC_Zero_Carbon_
Building.jpg)

PV panels installed on the façade of the building to generate the whole energy 
demand needed to power and operate the building over the year.

 Incheon International Airport Transportation Center 
in Incheon, South Korea

Incheon-Seoul International Airport in South Korea is portraying not only a low- 
carbon building but also a smart and efficient transportation center. Incheon 
Aerotropolis is a global leader in aviation-linked commercial development and 
smart technology applications. The building is integrating panoramic curved glass 
walls allowing generous natural light to nurture extensive interior gardens as shown 
in Figs. 28, 29, and 30. The center’s sustainable techniques include water and waste 
management, low-carbon management, maximization of the use of natural illumi-
nation and ventilation, and reduction of carbon footprint [41].

Most conventional solar cells use visible and infrared light to generate electricity. 
In contrast, the innovative new solar cell also uses ultraviolet radiation. It replaces 
conventional window glass, or placed over the glass, and installation surface area 
could be large, leading to potential uses that take advantage of the combined 
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Fig. 26 The NIER and CCRC zero-carbon building in Incheon, South Korea. (Image credit and 
source: Mohsen Aboulnaga)

Fig. 27 Various types of solar PV panels installed on the façade of NEIR/CCRC building and 
solar collector arrays on rooftop. (Image credit and source: Truth Leem, Reuters https://www.
reuters.com/articles/us- korea- green- /south- korea- unveils- completely- eco- friendly- building- idIN
TRE74J1FE20110520)

Towards Climate Neutrality: Global Perspective and Actions for Net-Zero Buildings…

https://www.reuters.com/articles/us-korea-green-/south-korea-unveils-completely-eco-friendly-building-idINTRE74J1FE20110520
https://www.reuters.com/articles/us-korea-green-/south-korea-unveils-completely-eco-friendly-building-idINTRE74J1FE20110520
https://www.reuters.com/articles/us-korea-green-/south-korea-unveils-completely-eco-friendly-building-idINTRE74J1FE20110520


398

Fig. 28 Incheon-Seoul Airport Terminal envelope engulfs cells that contain titanium oxide coats 
with a photoelectric dye for generating electrical power for lighting and temperature control. 
(Image credit and source: Mohsen Aboulnaga, 2015)

functions of power generation, lighting, and temperature control. Another type of 
transparent PVs is “translucent photovoltaics” (transmit half of the light that 
impinges on them). Similar to inorganic PVs, organic PVs are capable of being 
translucent. Incheon-Seoul airport solar panels’ curved structure uses a tin oxide 
coating on the inner surface of the glass panes to conduct current out of the cell as 
illustrated in Figs. 28, 29, and 30. The cell contains titanium oxide that is coated 
with a photoelectric dye [42, 43].

 Incheon National University Campus in Songdo – Incheon, 
South Korea

The new campus of Incheon National University (INU) in the smart city of Songdo 
in Incheon, South Korea, is another vivid example of a low-carbon campus, with 
nearly 20% of the electricity energy consumption in the campus and its buildings 
generated from clean sources, as shown in Fig. 31. As illustrated in Fig. 31a, a solar 
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Fig. 29 Incheon-Seoul Airport Terminal, South Korea, a near-zero-energy building (Image credit 
and source: (a) Minseong Kim, https://commons.m.wikimedia.org/wiki/File:IncheonTerminal1.
jpg#mw- jump- to- license (b) Siqbal, https://commons.m.wikimedia.org/wiki/File:Incheon_Hall.
jpg). (a) The terminal’s façade fixed with smart glass by Saint-Gobain to protect it from sun radia-
tion. (b) Incheon International Airport Station with low-carbon transportation

Fig. 30 Interior of Incheon-Seoul Airport Terminal, South Korea, a near-zero-energy building. 
(Image credit and source: Eliazar Parra Cardenas, https://commons.m.wikimedia.org/wiki/
File:Incheon_airport.jpg)
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plant comprising 80 solar PV panels, each produces 6 kWp. Hence, the total power 
of this array amounts to 480 kWp. Figure 31b also shows another solar plant with a 
90 PV array that generates 540 kWp output. Figure 32 depicts the installation of two 
additional solar PV plants with 90 panels each (360 panel array) within the land-
scape of the INU Campus. According to a campus visit conducted by the lead author 
from October 18 to 21, 2015, the INU campus manifests near-zero-energy buildings.

 United Nations’ Headquarters in G-Tower, Incheon, 
South Korea

The United Nations Economic and Social Commission for Asia and Pacific (ESCAP) 
Headquarters in Incheon is an excellent example of a smart and net-zero-energy 
building, where smart solutions and technologies are incorporated in each floor and 
the building as a whole to achieve a near-zero-carbon exemplary facility as shown 
in Figs. 33, 34, and 35. The 33-storey high building is also equipped with smart light 
movement and occupancy sensors to reduce energy usage (Fig. 33). Th building is 
also a zero-waste system, where all waste is collected, burned in a special container 
in the basement floor, and then converted into energy at zero waste. This was 
observed during the visit by the lead author with A.NERGY delegates to the UN 
building in Incheon in November 2016 (Figs. 34 and 35).

Many buildings located in Asia, and Europe, particularly in the Netherlands, the 
United Kingdom, Germany, and Austria, demonstrate the concept of low-carbon, 
zero-carbon, and net-zero building through the use of smart and green solutions and 
innovative technologies. These examples include Lumen Building at Wageningen 
University in Wageningen and the Edge Office Building in The Netherlands; 
GlaxoSmithKline net-zero Laboratory at Nottingham University Jubilee Campus in 
England and DeepStone House in Scotland, UK; and The Solar Settlement and Sun 
Ship and the Plus-Energy House in Frankfurt, Germany, as well as Kunsthaus 
Bregenz Art Museum in Bregenz, Vorarlberg, Austria.

 The Lumen Building at Wageningen University, Wageningen, 
The Netherlands

The Lumen, known as the Lumen Greenhouse Building, Wageningen University in 
The Netherlands, portrays a model when it comes to low-energy and near-zero- 
carbon concept. The interior has a green space under a glass controlled roof, in a 
high-quality environmental condition at the campus [44]. Figure 36 shows the inte-
rior of the building spaces, which fully receive natural light through a glazed wide 
atrium. The green areas reduce the cooling loads, hence the energy needed (Fig. 36a, 
b). In terms of a zero-carbon transport on campus, students, staff, and visitors at the 
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Fig. 31 Solar PV plants to generate clean energy at INU low-carbon campus in Songdo, Incheon, 
South Korea. (Image credit and source: Mohsen Aboulnaga). (a) Front view of a 180 solar PV 
array installed at INU green campus. (b) View of a 180 solar PV plant installed at INU campus

campus are traveling using a clean means of transportation electrical bus called 
“self-moving WEpod shuttle buses” at the Wageningen University Campus [45]. 
The driverless six-seater shuttle bus drives at 40 km/h [45] as illustrated in Fig. 37.
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Fig. 32 Solar PV plants (540 cells) to generate clean energy at INU low-carbon campus in 
Songdo, Incheon, South Korea. (Image credit and source: Mohsen Aboulnaga). (a) Another solar 
PV plant with a 90-panel capacity installed at INU. (b) A close-up view of two arrays of 180 solar 
panels, each 90 PV panels installed at INU
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Fig. 33 View of the smart and net-zero G-Tower, the United Nations Headquarters in Songdo, 
Incheon, South Korea. (Image credit and source: Piotrus, https://commons.m.wikimedia.org/wiki/
Category:G- Tower,_Incheon#/media/File%3ASongdo_International_Business_District_11.JPG)

Fig. 34 The interior of the UNDP Asia Headquarters, fully equipped with a smart and near-zero- 
carbon technologies, Songdo, Incheon, South Korea. (Image credit and source: Mohsen Aboulnaga)
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Fig. 35 General view of the smart and net-zero G-Tower, the headquarters of United Nations 
offices in Songdo, Incheon, South Korea. (Image credit and source: http://www.undog.org/page/
sub3_1_view.asp?sn=37&page=4&search=&SearchString=&BoardID=0004)

 The Edge Smart and Net-Zero Office Building 
in Amsterdam – The Netherlands

The Edge net-zero office building of Deloitte Headquarters in Amsterdam, The 
Netherlands, is the greenest and smartest building globally based on the British 
Rating Agency BREEAM at a score of 98.4%. The iconic building design strategy 
is centered on resource efficiency, information technology, and Internet of Things 
(IoT) as well as rentable energy through solar energy, where the building generates 
more electricity than it consumes [46]. The 15-storey north-facing glass atrium 
smart building is equipped with about 28,000 sensors to control motion, light, tem-
perature and humidity, and infrared to provide excellent indoor environmental qual-
ity as shown in Fig. 38. The atrium is the building’s key center of solar system, and 
its air volume has mesh panels between each floor to let musty air fall into open 
spaces, where it rises and is exhausted through the roof creating natural ventilation 
and assuring excellent air quality as depicted in Fig. 40 [47].

On the southern façade of the Edge building, there is a checkerboard of solar 
panels and windows as shown in Figs.  39a, b. The thick load-bearing concrete 
assists in regulating heat, and deeply recessed windows reduce the need for shades, 
though they are directly exposed to the sun [46]. The roof incorporates solar PV 
(OVG) panels to enable the office building to generate more electricity than it uses. 
The Edge building also consumes 70% less electrical energy than any typical office 
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Fig. 36 Lumen Greenhouse Building at Wageningen University, a low-energy concept and 
near-zero-carbon building, Wageningen, The Netherlands. (Image credit and source: (a) Vincent, 
https://upload.wikimedia.org/wikipedia/commons/9/99/Lumen_Builiding_Greenhouse.jpg (b) 
Vincent, https://upload.wikimedia.org/wikipedia/commons/f/f0/Wageningen_Uinveristy_- _
Building_Lumn.JPG). (a) Interior of Lumen Greenhouse Building illuminated naturally by day-
light through glazed atrium. (b) Large green space covering most of the interior under glass roof to 
cool and save energy

building. In addition, the building pumps warm water (more than 37 m2 deep) into 
the aquifer beneath the office building in the summer months, where it sits, insu-
lated, until winter, when it’s exploited for heating. This is considered the most effi-
cient thermal storage worldwide [47]. Moreover, the Edge building is an open smart 
space with no office desks and is naturally illuminated (Fig. 40a, b). It uses superef-
ficient LED panels, powered by the same cables that carry Internet data. The build-
ing is wired with a vast network of two types of long blue tubes: one binds data 
(Ethernet cables) and the other holds water for radiant heating and cooling (Fig. 40c).
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Fig. 37 The self-moving WEpod shuttle bus, a clean means of transportation passing by the 
Lumen Greenhouse Building at Wageningen University campus, Wageningen, The Netherlands. 
(Image credit and source: ArjanH, https://commons.m.wikimedia.org/wiki/File:Wepods_
WUR.jpg#)

 GlaxoSmithKline Carbon-Neutral Building, Nottingham 
University, Nottingham, UK

The GlaxoSmithKline (GSK)’s carbon-neutral building (CNB) at Nottingham 
University Jubilee Campus in Nottingham, England, United Kingdom, is the first 
laboratory building with neutral carbon life cycle. The GSK building presents an 
excellent example of a low-energy building or a zero-carbon building. The CNB is 
constructed according to the highest energy efficient standards and is cladded by 
timber (a high-performance insulation material) to protect the building from heat 
losses in winter and heat gain in summer (Fig.  41) [48]. The remaining energy 
requirements are also met by onsite sustainable biomass. The excess energy gener-
ated onsite will pay back the embodied carbon associated with its construction 
within 25 years [48]. Figure 42 shows the façades with efficient glass and roof solar 
chimneys exploited for natural ventilation and cooling in summer. Figure 42a, b 
present the entrance, façade, and timber cladding. In addition, the CNB has green 
roofs on 45% of its surface [49].

The building occupies 4500 square meters over two floors in addition to labora-
tory space for around 100 researchers. This building, which was opened on February 
27, 2017, is part of GSK’s target of reaching a carbon-neutral value chain by 2050. 
The GSK’s building was awarded both the BREEAM Outstanding and LEED 
Platinum certifications [50]. Such a facility has energy-intensive cooling systems 
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Fig. 38 The Edge, the greenest office building in Amsterdam. (Image credit and source: 
MrAronymous, https://upload.wikimedia.org/wikipedia/commons/c/c1/Zuidas_20210512_%286 
%29_uitsnede.jpg)

that are necessary to stop temperatures reaching levels where solvents will evapo-
rate. In the meantime, recovering access heat from processes can be challenging due 
to the risk of chemical and fume corrosion on the ventilation systems. In terms of 
power generation, the GSK building has an onsite system that produces 125 kWe of 
biofuels combined heat and power (CHP) furnishing the majority of heat required 
for the buildings. In addition to mitigating carbon emissions, the CHP system 
exports the excess heat to nearby buildings on the Nottingham University Jubilee 
Campus [50].

Moreover, the GSK’s building exhibits the state-of the-art technologies where 
about 231 kWp solar PV array is mounted on the main building’s roof covering 45% 
of its area. For energy efficiency, the building is fitted throughout with LED lighting 
at an average of 5.4 watts per square meter [50]. In general, the GSK building saves 
more than 60% on energy and uses only 15% of the heat required by a conventional 
building design. Excess energy generated by this building (near 40 MWh) provides 
enough carbon credits over 25 years to offset the construction phase as well as being 
utilized to heat the nearby office development onsite [50].
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Fig. 39 The Edge’s smart façade in Amsterdam. (Image credit and source: (a) MrAronymous, 
https://upload.wikimedia.org/wikipedia/commons/9/9e/Zuidas_20210512_155017_uitsnede.jpg 
(b) MrAronymous, https://upload.wikimedia.org/wikipedia/commons/9/9e/Zuidas_20210512_ 
155017_uitsnede.jpg). (a) A checkerboard of solar panels and windows to regulate heat and 
respond to weather conditions to minimize energy use. (b) The façade with smart glazing to con-
trol heat losses in winter and heat gain in summer months
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Fig. 40 The Edge’s smart interior utilizing IoT in operation, Amsterdam. (Images’ credit and 
source: (a, c) Raymond Wouda, (b) Tom Randall https://www.bloomberg.com/features/2015- the- 
edge- the- worlds- greenest- building/). (a) Open office spaces fitted with IoT and mobiles’ app to 
provide livable and social prolific space. (b) Close-up of the open and smart spaces inside the Edge 
net-zero office building. (c) Long blue tubes, one binds data (Ethernet cables), and the other 
holds water

 DeepStone House in Scotland, United Kingdom

The DeepStone House in Scotland, United Kingdom, is an example of a near-zero- 
energy small building, where it generates its electrical energy demand from renew-
able sources. The house – designed by Simon Winstanley Architects – is overlooking 
the Solway Firth in southwest Scotland, UK. The low-energy house has inclined 
roof fitted with an array of solar PV panels to track the sunlight and produces elec-
trical energy it nearly consumes. Figure 43 presents the near-zero-energy building 
with its tilted solar PV array on the rooftop as well as the high-insulation exterior 
walls and triple-glazed thermal windows. It is clear from Fig. 43 that the envelope 
is cladded with timber to conserve energy in winter and reduce heat gain in sum-
mer [51].

 The Solar Settlement and Sun Ship in Schlierberg, Germany

The Solar Settlement and Sun Ship complex in Schlierberg, Germany, is considered 
one of the first housing communities in the world. All houses are net-zero and gen-
erate a positive energy balance and are emission-free and CO2 neutral [52]. As of 
2022, it is the largest residential roof-integrated PV system. The south-facing roofs 
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Fig. 41 GlaxoSmithKline Carbon-Neutral Building at Nottingham University Jubilee Campus, 
England, UK. (Image credit and source: Michael Thomas, https://upload.wikimedia.org/wikipe-
dia/commons/e/e1/GlaxoSmithKline_Carbon_Neutral_Building._Nottingham_University_
Jubilee_Campus.jpg)

are covered with solar PV arrays. Figure 44 shows a bird’s-eye view of the solar 
settlement, while Figs. 45, 46, and 47 present the houses with solar PV arrays on top 
of the tilted roofs.

The concept is centered on achieving the structure’s extreme energy efficiency, 
so that it holds a positive energy balance and produces more energy than it uses. 
Each house is built from a timber skeleton and integrated with eco-friendly materi-
als with 91 solar PV arrays (Figs. 46 and 47). Also, the Sun Ship’s building consists 
of retail, commercial, and residential functions. The premises remain vehicle-free, 
thanks to the parking garage underneath the Sun Ship as shown in Fig. 48 [52].

 Prototype of a Plus-Energy House, Frankfurt, Germany

Frankfurt City in Germany showcases many prototypes of plus-energy houses. The 
basic concept of the energy system utilized in the project is mainly to reduce the 
energy demand and produce it sensibly and efficiently. This has been achieved by an 
optimal interplay of various passive (low-tech) and active (high-tech) elements [53]. 
In this concept, the integral and sensible combination of the individual subsystems 
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Fig. 42 The façade and roof of the first laboratory building with neutral carbon life cycle at 
Nottingham University, UK. (Image credit and source: (a) Michael Thomas, https://upload.wiki-
media.org/wikipedia/commons/c/c7/GlaxoSmithKline_Carbon_Neutral_Building_Entrance._
Nottingham_University_Jubilee_Campus.jpg (b) Michael Thomas, https://upload.wikimedia.org/ 
wikipedia/commons/e/e8/GlaxoSmithKline_Carbon_Neutral_Building_for_Sustainable_
Chemistry._- _40557421815. jpg). (a) Entrance to GSK laboratory and its façades with efficient 
glass and cladding to save energy. (b) Close-up of the roof line with chimneys on the rooftop to 
promote natural ventilation and clean air

Fig. 43 Side view of DeepStone net-zero House in Scotland, UK. (Image credit and source: 
Aswinstanley, https://upload.wikimedia.org/wikipedia/commons/c/c5/Side- view1- photoshop- 
filtered.jpg)
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Fig. 44 The Solar Settlement in Schlierberg, Germany. (Image credit and source: Andrewglaser 
https://commons.m.wikimedia.org/wiki/File:SoSie%2BSoSchiff_Ansicht.jpg#mw- jump- to- 
 license)

Fig. 45 Close-up of the Solar Settlements houses with PVs covering rooftops. (Image credit and 
source: Andrewglaser, https://commons.m.wikimedia.org/wiki/File:LuftSS.jpg#mw- jump- to-  
license)

is very important for an optimized and innovative overall energy system that com-
bines building components and technologies and exploits synergies. In the interests 
of an integral view of the building, already in the design process, construction mate-
rials and systems were taken into consideration in order to provide a comfortable 
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Fig. 46 A Plus-energy house in the Solar Settlement in Germany. (Image credit and source: 
Andrewglaser https://commons.m.wikimedia.org/wiki/File:SSHaus.jpg#mw- jump- to- license)

Fig. 47 View of the 91 solar PV array covering the tilted roof of the net-zero houses. (Image credit 
and source: Andrewglaser, https://commons.m.wikimedia.org/wiki/File:SoSie%2BSoSchiff_
Ansicht.jpg#mw- jump- to- license)
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Fig. 48 The Sun Ship’s retail, commercial, and residential integrated building. (Image credit and 
source: Andrewglaser, https://commons.m.wikimedia.org/wiki/File:SoSchiff_Ansicht.
jpg#mw- jump- to- license)

Fig. 49 Plus-Energy House in Frankfurt, Germany. (Image credit and source: DontWorry https://
commons.wikimedia.org/wiki/File:Plus- energie- haus- ffm- 033.jpg#mw- jump- to- license)
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Fig. 50 Kunsthaus Bregenz Art Museum in Bregenz  – Vorarlberg, Austria. (Image credit and 
source: Raymond, https://commons.wikimedia.org/wiki/File:Bregenz_kunsthaus_zumthor_ 
2002_01.jpg)

and an energy-efficient indoor climate without technical aids as depicted in 
Fig. 49 [53].

 Kunsthaus Bregenz Art Museum in Bregenz – 
Vorarlberg, Austria

Another example which is not far from Germany is the Kunsthaus Bregenz Art 
Museum in Bregenz – Vorarlberg, Austria. The art museum, which is made of glass 
and steel and a cast concrete stone mass, stands in the light of Lake Constance. The 
vivid glass building endows the interior of the building with texture and spatial 
composition as presented in Fig. 50. The exterior of the museum absorbs the chang-
ing light of the sky and the haze of the lake and then reflects light and color to fur-
nish an intimation of its inner life according to the angle of vision, the daylight, and 
the weather as illustrated in Fig. 51 [54].
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Fig. 51 Exterior and facades of the Art Museum. (Image credit and source: DVD RW, https://
commons.wikimedia.org/wiki/ File:Bregenz_kunsthaus_zumthor_2002_02.jpg)

Fig. 52 The holiday housing in Natural Park of Valles Pasiegos, Northern Spain. (Image credit 
and source: Lizzie Crook, https://www.dezeen.com/2019/04/19/villa- slow- laura- alvarez-  
architecture/)
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 A Holiday Home in Rural Spain

Spain also showcases a small-scale zero-energy building model. The holiday home 
in the Natural Park of Valles Pasiegos located in northern Spain is designed by 
Architect Laura Alvarez (Fig. 52). This home is living proof of a NZEB, and it pro-
duces energy more than it consumes. Also, a heat pump system is connected to the 
city electric grid, and it is able to generate five times the energy it uses from the grid. 
In addition, the building uses local ancient stones to maximize heat insulation and 
minimize the heat gain into indoor spaces as shown in Fig.  52. Because of the 
locally sourced materials, the NZEB not only provides a good indoor environment 
but is also considered a sustainable building [55].

From Europe to USA, the concept of NZB has been adopted in many buildings, 
such as the Unisphere Building in Maryland, the National Renewable Energy 
Laboratory (NREL) in Colorado, and the La Jolla Commons net-zero-energy office 
building in San Diego, California, USA.

 The Unisphere, Maryland, USA

The Unisphere office building in Maryland incorporates a wide range of zero-energy 
solutions including a geothermal system that relies on soil heating-cooling context 
in addition to an electromagnetic building envelope that provides a high insulation 
level by changing the tint level based on weather conditions. The 3000 panels of PV 
roof array provide 1175 MWh of clean energy every year, in excess than the build-
ing consumes, enough to power 100 homes, and the excess power is sent back to the 
utility grid [56]. The façade’s operable windows and panels of the building are natu-
rally ventilated and harvest daylighting to minimize artificial lighting, thus reducing 
energy demand as shown in Fig. 53. Additionally, the Unisphere building has 52 
closed-loop, dual circuited geo-exchange wells 46.5 m2 beneath it to provide energy 
storage [56].

 National Renewable Energy Laboratory, Colorado, USA

The National Renewable Energy Laboratory (ENRL) is among the first buildings 
that were developed based on a NZEB’s concept. The ENRL was built in 1947 and 
is considered a state-of-the-art example of sustainable features and technologies for 
energy production including solar energy, wind energy, and aiming at mitigating 
emissions and setting example for others.

The building integrates a wide range of energy-efficient strategies and solutions 
that are continuously developed to achieve climate mitigation as shown in Figs. 54a, 
b. These developments include renewable energy solutions such as biochemical 
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Fig. 53 The Unisphere net-zero office building and its efficient glazed envelope, Maryland, 
USA. (Image credit and source: Rdellbillings, https://www.wikiwand.com/en/United_Therapeutics)

Fig. 54 The National Renewable Energy Laboratory Campus in Colorado, USA. (Images credit 
and source: (a) NREL, https://www.nrel.gov/workingwithus/partnering- facilities.html (b) NREL, 
https://www.nrel.gov/workingwithus/partnering- facilities.html). (a) The NREL campus in 
Colorado fully covered by solar PV panels to generate clean energy. (b) The NREL buildings 
integrated with energy systems for a zero-energy target
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(c) Close up of
the buildings’ fuel

cells generat ing
5.4 MWh

Fig. 55 The La Jolla Commons net-zero building in San Diego, CA, USA. (Source: (a–c) https://
www.researchgate.net/publication/341264745_Net- Zero_Energy_Buildings_Principles_and_
Applications). (a) Façades with low-emissive coating reflects IR heat. (b) Fuel cells to generate 5.4 
MWh at the back. (c) Close- up of the buildings’ fuel cells generating 5.4 MWh

conversion, thermochemical conversion, micro-algal biofuels, and biomass process-
ing [57].

 La Jolla Commons, San Diego, California

Another example of a large-scaled zero-energy building is La Jolla Commons in 
San Diego, California, USA. The building, which is a 13-storey office space and is 
one of the largest NZEBs in the United States, was designed by architect Paul Danna 
(AECOM) between 2006 and 2008. It is one of the first examples built in the USA 
with a net-zero-energy strategy. Figure 55 presents the La Jolla Commons zero- 
energy building’s façades and fuel cells [58]. The envelope incorporates an insu-
lated double glazing (Figs.  55a) in addition to an efficient systems to assist in 
reducing energy use by controlling heat losses and gains [58]. Fuel cells are also 
used at a capacity of 5.4 MWh, while the historical consumption of the La Jolla 
Commons building consumption is about 4.5 MW as presented in Figs. 55b, c [58].
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 Net-Zero Heating Building’s Concept

The concept of net-zero-heating building (nZHB) or near-zero-heating building is a 
strategy in which such a building has essentially zero-heating energy demand 
described to be less than 3.0 kWh/m2 annually. It is intended for use in heating- 
dominated areas, and it is used to supersede NZEBs as a way to bring building- 
related GHG emissions to zero [59]. Many examples will be presented and discussed 
in the following section, such as (a) the American Geophysical Union (AGU) head-
quarters in Florida, USA; (b) the zero-heating Samling Library in Nord Odal, 
Norway; (c) the net-zero-heating office building in Rakvere, Estonia; and (d) the 
net-zero-heating office building in the Netherlands.

 The American Geophysical Union Headquarters 
in Florida, USA

The American Geophysical Union (AGU) headquarters in Florida, USA, has been 
upgraded into a model of energy efficiency to achieve net-zero goals. The changes 
encompass strategy in shading and envelope better insulation, daylighting, and new 
window glass leading to energy efficient walls, and it has a 4.88-meter-tall rooftop 
solar PV array installed on a projecting canopy as presented in Fig. 56. Also, it uses 
a sewer heat exchange, through which AGU would capture the energy flowing 
through a large Florida Avenue sewer main and run it back into the building [60]. As 
shown in Fig. 56, the retrofitted envelope and solar PV array on rooftop generate 
clean energy and mitigate carbon emissions.

 The Zero-Heating Samling Library in Nord Odal, Norway

The Samling Library, located in the village of Sand at Nord Odal in Norway, is 
another example of net-zero-heating building (nZHB). The façades consist of a tim-
ber batten cladding of vertical wooden slats around the entire building in horizontal 
bands. The building has an efficient fabric with Air® 6-pane glazing by Reflex, 
Slovenia, and glass U-value of 0.26 W/m2K [61]. The timber cladded skin and the 
large glass surfaces of the public spaces provide a depth effect, yet create a transpar-
ent skin between the interior and exterior, enriching the visual connection (Fig. 57). 
The interior materials and environment are also constructed from timber. The nZHB 
inspires a more sustainable approach by utilizing a significant amount of local 
wood, representing the cultural tradition of wooden buildings and the local wood 
industry. The distinctive timber ceiling hides the integrated technical fixtures, while 
serving as bookshelves and sunshades [61].
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Fig. 56 The American Geophysical Union Headquarters. (Image credit and source: APK, https://
commons.wikimedia.org/wiki/File:American_Geophysical_Union_Headquarters.jpg)

Fig. 57 The exterior of the Samling net-zero heating library in Nord Odal, Norway. (Image credit 
and source: Alek14, https://commons.wikimedia.org/wiki/File:Six- pane_application_in_Nord_
Odal,_Norway.jpg)
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Fig. 58 The main façade of the near-zero-heating office building in Rakvere, Estonia. (Image 
credit and source: Alek14, https://www.wikiwand.com/en/Zero_heating_building)

 The Near-Zero-Heating Office Building in Rakvere, Estonia

The third example of near-zero-heating building (nZHB) is the office building in 
Rakvere, Estonia (Fig. 58). The façades are composed of a metal and timber batten 
cladding. There is a large canopy standing over a 3-storey floor with staggered black 
columns to provide shading on building facades. The fabric of the nZHB is also cre-
ated from Air® 6-pane glazing by Reflex, Slovenia, and glass U-value of 0.26 W/
m2K. Also, horizontal breakers are installed on the façade to reduce sunlight imping-
ing on the building facades as presented in Fig. 58. In addition, the building has a 
double skin façade with glazed windows to provide the interior spaces with daylight 
and control glare, enhancing the visual connection with the outside view (Fig. 58) 
[59, 62–64].

 The Net-Zero-Heating Office Building in The Netherlands

The fourth example of near-zero-heating buildings is an office building in The 
Netherlands, where the building adopted the same strategy for the envelope effi-
ciency to achieve the goal, i.e., exploiting Air® 6-pane glazing by Reflex, Slovenia, 
and glass U-value of 0.26 W/m2K. The building was built in 2017, and its façades 
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are composed of metal reflective materials on the façade vertical long windows to 
provide enough daylight inside the indoor space and reduce energy demands. In this 
building, ultralow U-value glazing is used; thus the window U-values approach 
0.3 W/m2K and the heating demands diminish as shown in Fig. 59. In this context, 
the nZHB would not require a winter power reserve, and obviously it would not 
need any seasonal energy storage [59].

 How Net-Zero Buildings Contribute to the Net-Zero Target 
and Climate Neutrality?

Net-zero-energy building (NZEB) is a term, subject to uncertainty, that might be 
utilized to portray a building with characteristics such as breakeven with energy 
utilization, altogether reducing energy consumption and energy costs equaling zero 
or net-zero (GHG) outflows. In spite of missing a definitive description of NZEBs, 
this moderately unused developing concept in Australia gives critical options to 
diminish GHG emissions, energy utilization, and operational energy costs for build-
ing properties. This chapter points to investigate the existing NZEB models, survey 
the movement of NZEB technologies, recognize key arrangements empowering 
NZEB improvement, and perceive potential ranges of global policies [65]. Since 
buildings consume about 40% of global energy and emit 33% of GHG [66], in 
Europe buildings are responsible for 40% of EU energy consumption and 36% of 
the energy-related GHG emissions [67]. In the MENA region, the share of building 
sector is 31% and 25% of the total primary energy supply and total final energy 
consumption, respectively [68]. Therefore, developing net-zero buildings would 
reduce almost the same percent of energy and mitigate related carbon emissions.

 Current Policies, Actions, and Initiatives Worldwide

Polices, laws, action plans, and initiatives globally play a vital role in promoting 
NZEBs. Wang et  al. (2020) provided a comprehensive sustainable management 
agenda which covers the sustainable principles of planning, transformation, envi-
ronmental awareness, and climate mitigation [69]. The agenda summarizes low- 
carbon transformation policies followed in international cities, to prepare a new 
management matrix for enhancing the sustainable development of cities. More 
global policies and regulations are applied to leakage of pollutants such as GHG 
emissions and similar gases.

With special consideration to imposing rewards to low-pollution production 
firms [70], it is critical to notice that the climate mitigation has multidimensional 
aspects including political, social, and economic facets, whereas the social dimen-
sion confirms the gap between the future-oriented society and the present-oriented 
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Fig. 59 The exterior of the net-zero-heating office building in The Netherlands. (Image credit and 
source: Alek14, https://sl.m.wikipedia.org/wiki/Slika:Six-pane_application_in_Netherlands.jpg)

society in accepting high costs in return for long-term benefits. The most enduring 
firms and entities are those who are willing to adopt policies and regulations for 
climate change mitigation [71].

 Current Policies, Activities, and Initiatives in Egypt Towards 
Net-Zero-Energy Buildings

Policies, laws, and initiatives relating to low-carbon buildings and cities in Egypt 
have recently grown and manifested in order to achieve green and sustainable cities. 
The following studies revealed successful applications, strategies, and attempts for 
the local private and public authorities. The local practice of climate change mitiga-
tion in Cairo has been highlighted by Dabaieh et al. in 2021, in which they listed the 
main factors and current adaptation measures including low-carbon buildings, cit-
ies, and transportation activities [72]. In addition, sustainable cities have become a 
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priority over individual sustainable buildings and in the forefront of Egypt’s current 
urban development policies and strategic plans. All new cities, including Madinaty, 
New Al-Ameen City on Egypt’s northwest coast, and the New Administrative 
Capital, east of Cairo, are designed not only to be low carbon but also to mitigate 
climate change by focusing on carbon and air pollution reduction and utilizing 
renewable energy to generate clean energy [73].

The capital sustainable cities in the world are studied and examined by Armanuos 
et al. (2021), to provide learned lessons for the creation of sustainable cities. The 
study focuses on providing sustainable guidelines for the creation of Egypt’s new 
capital city by 2050 [74]. The research analyzes existing cases and provides alterna-
tive scenarios for the new urban development to be considered as low-carbon city 
[74]. Another study reviewed and analyzed Egyptian and non-Egyptian new cities 
with a focus on achieving both high thermal performance in urban spaces and high 
energy efficiency inside building spaces. A new evaluation tool has been provided 
to allow for enhancing urban cluster forms coupled with efficient ground green 
cover and vegetation [75]. This study also focused on housing projects as a new 
sustainable model for low-carbon cities. In 2018, Dabaieh and Johansson examined 
a high-energy-efficient building which is located in Bahira – Delta region, Egypt, 
where the building is fitted with solar PV panels to generate 3.5 kWp. The building 
is analyzed, and sustainability measures are recommended and applied; it is pro-
vided as one of the main elements in the sustainable urban development strategies 
to mitigate climate change and rely on renewable energy resources [76].

 Low-Carbon Cities and Zero-Carbon Emission Transportation 
in Egypt

In the context of low-carbon cities, the government strategy is mainly centered on a 
revolutionary approach to reach zero-emission transport. The new monorail was 
built to link the New Administrative Capital (NAC) to New Cairo and Adly Mansour 
main interconnected station (Fig. 60). The New Administrative capital has mani-
fested many projects that address the concept of low-carbon city such as Cairo 
Monorail with a length reaching 56.5 km and passes through 21 stations [77] as 
depicted in Fig. 61. The aim is to achieve an eco-friendly transportation plan in 
greater Cairo, specifically the NAC. The green transportation plan reveals the sig-
nificance of providing a variety of low-carbon to zero-emission transportation 
modes, and green alternatives to current vehicles, mainly electrical buses. In the 
same context, 6th of October has manifested a bold project that addresses the con-
cept of low-carbon city (LCC) by virtue of the new monorail, which has been also 
constructed at a length of 42 km connecting Mohandiseen district to 6th of October 
City, and it passes by 12 stations [77] as shown in Fig. 61. In 2020, an analysis of 
new sustainable solutions to existing spaces in Alexandria, Egypt, was carried out 
[78]. The study revealed an example for carbon-neutral spaces via applying 
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Fig. 60 The Cairo Monorail, a zero-carbon emission transportation means to the NAC, Egypt. 
(Image credit and source: Ahram, https://english.ahram.org.eg/Media/News/2021/10/6/41_ 
2021-637691497718843259-884. jpg)

Fig. 61 The 6th of October City new monorail, zero-carbon emission transportation in Giza, 
Egypt. (Image credit and source: Ahram, https://English.ahram.org.eg/NewsContent/ 
50/1202/393529/ AlAhram_Weekly/ Economy/Egypts- first- monorail- Building- the- high- ride.aspx
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environmental analysis and sustainable urban development concepts such as solar 
PV parking covers, shaded pedestrian paths, smart infrastructure, solar panels 
installation on a roof top example, wind energy, waste allocation, solar heating, gray 
water utilization, envelope installation, and green transportation alternatives [78].

 Role of Zero-Carbon and Managing “Transition” in Cities 
and Regions

Numerous nations have transferred long-term objectives with respect to climate 
change by coupling these goals with innovation thinking for the future. The Paris 
agreement, signed at COP21 by 196 nations to address low-carbon challenges and 
achieve a circular economy, was the first step towards such global goal [79]. Further 
to COP21, it is clear that COP22, COP23, COP24, COP25, and recently COP26 
manifested global determination towards mitigating GHG emissions and asked gov-
ernments to work on developing Climate Adaptation Plans (CAP).

 Can Cities Meet COP26 Outcomes and the Glasgow Climate 
Pact 2021?

In context with COP21 meeting in Paris in December 2015, the EU committed itself 
to limit GHG emissions’ outcomes required to remain below 2 °C rises in normal 
worldwide temperature. The EU has agreed on energy policies which was proposed 
by the European Commission (EC) in November 2016, entitled “Clean energy for 
all Europeans.” The adopted climate mitigation targets and new energy levels are 
coupled with GHG emission reduction (40% to 45%) less than 1990 levels, enhanced 
energy efficiency (32.5% lower than estimated in 2007), and renewable energy pro-
duction (32% as a share of gross energy consumption) within the year 2030. The EU 
2030 aims at reducing CO2 emissions by 80% in 2050. On the other hand, the Paris 
agreement stated that the optimum efforts could only limit the temperature to rise 
above 1.5 °C, phasing out GHG emissions by 2050. However, carbon neutrality is 
still considered [80, 81].

Therefore, more approaches to reach climate neutrality, including energy utiliza-
tion, have been added to the current policies to consider the possibility of a decar-
bonized long-term economy by 2030 climate and energy approach. What if climate 
neutrality by 2050 cannot be achieved by conventional fuel utilization? What if 
carbon neutrality is not affordable? What elements should be added to promote the 
current agenda? The deployment of current neutrality approaches can only be uti-
lized with cost subsidiaries and support to overcome the additional cost barriers.
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1

Build resilience 
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change

2

Mitigate 45% of 
CO2 emissions 
by 2030 in 
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inefficient 
subsidies for 
fossil fuels

Fig. 62 Glasgow Climate Pact’s decisions – COP26. (Image credit and source: Developed by 
authors after COP26)

 Glasgow Climate Pact 2021 and Net-Zero?

The GCP, part of COP26 outcomes, revealed five agreed global decisions as shown 
in Fig. 62. The most imperative goal that requires vast mobilization is decision two, 
which states “Mitigate 45 percent of CO2 emissions by 2030 in order to reach net- 
zero by 2050.” Such mobilization is urgently required in view of the recent IEA 
analysis in 2021, which reveals that the global energy-related CO2 emissions rose by 
6 percent to 36.3 billion tones, which is considered the highest level recorded.

However, to achieve the net-zero target, it is imperative to digest the definition of 
low-carbon city and net-zero city, which is highlighted in Box 4, and consequently 
it can assist in achieving the COP26 goals [82].

 Conclusion

From the above review of global examples of low-carbon and net-zero buildings, it 
is still not enough to meet the COP26 goal. It is clear from these examples that low- 
carbon or net-zero buildings are gaining momentum, but not enough to reach COP26 
goals and GCP of mitigating carbon emissions by 45% in 2030 and reach net-zero 
by 2050.

Low-carbon city or net-zero city including buildings can be achieved to mitigate 
45% CO2 emissions by 2030 and to reach net-zero goal by 2050 – a goal set by 

Box 4 Definition of Carbon Neutrality or Low-Carbon Cities
Carbon neutrality is a state of net-zero carbon dioxide (CO2) emissions. This can be 
achieved by balancing emissions of CO2 with its removal or by eliminating emis-
sions from society by vertical green walls. It is used in the context of CO2-releasing 
processes associated with transportation, energy production, agriculture, and 
industry [82]

M. Aboulnaga and M. Elsharkawy



429

COP26 and GCP in November 2021 – if mobilization and finance of US$ 100billion 
per year, agreed by COP26 for developing countries, are provided.

As indicated by research, low-carbon measures could cut emissions from urban 
areas by almost 90% by 2050. This would be achieved through four main sectors by 
58%, 21%, 16%, and 5% from buildings, transport, materials efficiency, and waste, 
respectively [83]. Furthermore, investing in 16 low-carbon measures in cities could 
reduce global urban emissions by 90% by 2050 and has a net present value of nearly 
$24 trillion, which is nearly one-third of global GDP in 2018 [83]. Moreover, invest-
ments required to reduce urban emissions by 2050 are estimated to be US$ 1.83 
trillion – about 2% of global GDP per year [83].

As of 2021, all new buildings in the EU member state countries must be NZEBs, 
and since 2019, all new public buildings in the EU should be NZEBs [67]. Finally, 
carbon-neutral hydrocarbons are to be considered in the future zero-energy emis-
sion models. Low-carbon cities including net-zero carbon buildings have recently 
been used in response to the climate crisis, but the current world perspective is 
looming.
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