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Abstract Climate change is the primary worldwide issue

of the twenty-first century, as it threatens not only natural

ecosystems but many national economies as well. Since the

major contributor to climate change is the emission of

greenhouse gases, switching to renewable and clean sour-

ces of energy production would result in the most imme-

diate benefit. And one of the main energy sources in this

category is biomass. In this work some preliminary eval-

uations are reported concerning the environmental effects,

as well as the related external costs, from both local and

global points of view, of a proposed biomass plant to be

constructed in Piedmont (northern Italy). The obtained

results indicate that, from the local point of view, the

environmental effectiveness of the plant is related to the

percentage of the thermal energy that can be transferred

from the district heating network to the local domestic

boilers (with subsequent replacement of the related emis-

sions). From a global point of view, and in particular

concerning greenhouse gases (GHG), the carbon dioxide

produced from biomass combustion would be balanced by

the quantity that is absorbed by the plants during their

lifetimes. Hence by operating a biomass plant capable of

producing 20 thermal MW, we can remove carbon dioxide

emissions equal to about 38.368 ton/year, and avoid

external costs of 728.992 €/year, if at least 30% of the

produced heat can be transferred to the district heating

network.

Keywords Biomass plant � Greenhouse gas � Energy

recovery � District heating � Environmental compatibility �
External costs

Introduction

Climate change is the primary worldwide issue of the

twenty-first century, as it threatens not only natural eco-

systems but many national economies as well. Since the

major contributor to climate change is the emission of

greenhouse gases, switching to renewable and clean sour-

ces of energy production would result in the most imme-

diate benefit. And one of the main energy sources in this

category is biomass [1, 2].

Currently, fossil fuels such as coal, oil and natural gas

are used for generating a very large proportion of the

electricity in the world today. The combustion of these

fuels gives rise to carbon dioxide (CO2), which is a

‘‘greenhouse’’ gas discharged to the atmosphere. Hence

there is keen interest in eliminating, as much as possible,

the CO2 emissions from sources such as fossil fuels. In

comparison, the carbon dioxide generated in the combus-

tion of biofuels is not considered to make any net contri-

bution to the CO2 content of the atmosphere, since CO2 is

absorbed by the photosynthesis of living biomass [3].

Biomass, therefore, is widely considered to be a major

potential fuel and renewable resource for the future [4–9].

Energy from biomass based on short rotation forestry and

from other energy crops can contribute significantly to the

objectives of the Kyoto Agreement in reducing greenhouse

gases emissions and consequently the problems related to

climate change [10, 11].

In this context, in the present work, we studied the

proposed construction of a biomass plant for electricity
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generation, in a small city in Piedmont (northern Italy),

with the goal of cogenerating electricity to be sent into the

local district heating network, which draws on both elec-

tricity and thermal energy. The catchment area of interest

was the small municipal area where the plant is to be

located.

In order to verify the environmental acceptability

(compatibility) of the biomass plant, we performed an

evaluation of the modification of emissive fluxes at both

local and global levels. We considered the new emissive

flux that would result from biomass plant activation, con-

sidering the type of fuel used and the system employed for

environmental impact containment. We also evaluated the

avoided emission flux, resulting from shutting down the

domestic boilers, and the electricity generated and intro-

duced into the electricity network. The calculation was

based on known emission factors for different plant design

solutions, and considered the thermal power of the current

systems for comparison, using the tool of mass and energy

balances. Finally, we performed an external cost analysis in

order to establish the effective advantage or disadvantage

of the proposed biomass plant.

Materials and Methods

Theory: Principal Forms of Energy Conversion

of Biomass

The potential chemical energy contained in biomass can be

utilized in the following applications:

(a) For thermal energy production with a combustion

process (this is the main and traditional use);

(b) For the subsequent generation of electrical energy

using ORC (Organic Rankine Cycle) or steam turbine

systems that exploit the thermal energy from a

combustion process;

(c) For electricity production, by using alternative inter-

nal combustion engines or gas turbines fed with

gaseous fuel obtained from biomass conversion

processes;

(d) For liquid biofuels synthesis;

(e) For the synthesis of chemical products derived from

biomass.

In the field of biomass conversion to energy [point (a),

(b) and (c)] we can identify two different possibilities

connected primarily to the molecular structure and the

water content of the biomass:

• Thermo-chemical processes (in particular direct com-

bustion, gasification and pyrolysis): these processes are

convenient for biomass with carbon–to-nitrogen ratio

(C/N) higher than 30 and with a moisture content lower

than 30%, or at least with moisture that can be easily

reduced to 30% by drying. In this category we find all

the vegetable biomasses;

• Biochemical processes (in particular anaerobic diges-

tion): these processes are suitable for biomass with

carbon-to-nitrogen ratio (C/N) lower than 30 or with

moisture higher than 30%. In this category we find the

aquatic cultures, some agricultural by-products, and

municipal and industrial effluents. The transformation

in energy/fuel is due to enzymatic action, normally in

anaerobic conditions (i.e. by the production of biogas).

The thermo-chemical, more diffused processes for the

conversion of vegetable biomass to energy are direct

combustion and gasification/pyrolysis. In this work, in

order to better represent actual situations in Italy, we

selected direct combustion (Fig. 1).

Energy and Environmental Balances

In order to evaluate the local environmental benefits, it is

necessary to compare the air quality around the assumed

CHP (Combined Heat and Power) location before and after

installation of the proposed new DH (District Heating)

system. Therefore it is necessary to estimate the contribu-

tion of the existing boilers to the current emission con-

centrations in the local air.

Since the electricity to be discharged into the network

will substitute for part of the centralized electricity pro-

duction, the related environmental impacts, expressed in

terms of primary energy consumption and atmospheric

emissions, will be avoided. The quantification of this

impact derives from the considered comparison term. At

the same time the thermal energy supplied by the DH

system allows the substitution for both the operation of the

Fig. 1 Thermal processes scheme: direct combustion, gasification

and pyrolysis
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existing boilers and the related impacts of primary energy

consumption and atmospheric emissions. In this case the

avoided impacts essentially correspond to those of the

substituted processes. In the draft of the environmental

balance the two components of the avoided impacts (heat

and emissions) constitute a compensation for the environ-

mental load introduced by the DH system.

In addition to the energy and environmental balances, in

order to evaluate the gravity of the impact produced by the

plant (especially its local impact), it is necessary to con-

sider the results of the dispersion models. With this

approach it is possible to calculate the real air-quality

modifications: the concentrations (annual mean values and

maximum hourly values) that would be introduced by the

future plant, and the ones that can be avoided (from

eliminated existing domestic boilers). These can be com-

pared with concentration maps [12] (Fig. 2).

In general, starting with a qualitative approach, it is

possible to consider that a single plant, compared to many

individual boilers, presents many advantages, among them

minor pollution reduction and major energy efficiency

increases: a large plant will have higher thermal efficiency

and better smoke control than several small plants. From

the quantitative point of view, the actual amount of heat

supplied by district heating can substitute for the larger

amount of heat generated by the operation of many boilers,

and the relative impacts of avoided primary energy con-

sumption and atmospheric emissions can also be directly

measured. In the drafting of an environmental balance the

two avoided impacts represent a compensation for the load

that would be introduced by the combustion plant.

External Cost Methodology

Externalities are related to social welfare and to the

economy. The methodology is, first, to measure the dam-

ages to society that are not paid for by its main actors;

second, to translate these damages into a monetary value;

and third, to explore how these external costs could be

charged to the producers and consumers. Indeed, as the

market takes into account the private costs, policy makers

should try to take into account the external costs.

The impact pathway approach (IPA) is used to quantify

environmental impacts as defined above and as illustrated

in Fig. 3, the principal steps of the methodology [13].

In the following figure the external costs relative to the

main pollutant are indicated, as they can be defined on the

basis of the principal forms of impact; although the results

have been established for another situation (the French

condition) [13], because of the similarity of the phenomena

they can be transferred to our case (Fig. 4).

For the parameter carbon dioxide the external cost is

equal to about 19 €/ton [13]; this parameter is quite gen-

eral, and it was obtained from the market value.

Results and Discussion

Biomass Plant and Catchment Area Data

In the following tables we report the main features (the

technical and energy aspects) of the studied biomass plant.

Table 1.

From the point of view of energy recovery the system

chosen was ORC (Organic Rankine Cycle) Turboden 10

CHP, which uses diathermal oil as a working fluid. An

example of this system is shown in Fig. 5. In this figure

we can see the thermodynamic cycle and the components

of ORC plants. With the chosen ORC system the tem-

perature of the input diathermal oil was 300�C and the

temperature of the output diathermal oil was 240�C. The

temperatures of the incoming and outgoing hot water were

60 and 80�C, respectively.

From the biomass Lower Heating Value (10 MJ/kg), on

the basis of thermal power (20 MW) and plant operation

time (availability: 8.000 h/year equal to 288 9 105 s/year),

it is possible to calculate the biomass feed rate with the

following equation:

Biomass feed rate ton=year½ �

¼ Thermal Power� Availability

LHV

ð1Þ

The value obtained from Eq. (1) is equal to about 57.300

ton/year.

In the following table we report the main energy plant

features.

The catchment area constituted the municipal area

where the biomass plant will be located. Then, using the

data that have been found and calculated in the compre-

hensive table, the results are reported in the following:

By analyzing and processing the data reported in

Tables 2 and 3, and in particular the indicators of ‘‘thermalFig. 2 Environmental balance
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production’’ (Table 2) and ‘‘thermal energy requirements’’

(Table 3) it is possible to ascertain that the produced

thermal energy will satisfy all the municipal area thermal

energy requirements with a fraction left over, equal about

to 30% of the produced energy. For this fraction it will be

necessary to find other destinations, such as: industrial

production facilities, heating for public and private build-

ings, and so on. By analyzing the need for thermal energy

in the area proposed for the biomass plant, we can see that

there are other facilities, some public and some commer-

cial. The public facilities include offices, a nursery school

and other schools. The commercial facilities include four

restaurants and some shops.

In the following table we can see the required thermal

energy for the different types of facilities. Table 4.

Our analysis showed that of the domestic boilers that

could be replaced with heat from the biomass plant, 72%

currently use oil and 28% use natural gas (average use for

domestic boilers declared in the Piedmont Region).

Initial Considerations

In the proposed work we want to examine, in terms of

environmental balance, the effects on air quality that the

introduction of the biomass plant would provide at both

local and global levels. The bases of the environmental

balance are provided by the following equation:

Local=global emissions ðadded=eliminatedÞ
¼ biomass plant emissions � substituted emissions ð2Þ

From the point of view of the ‘‘biomass plant

emissions’’ we refer to the data reported in Table 5

below. These data represent the emission factors that can

Fig. 3 The principal steps of an

impact pathway analysis, using

air pollution as an example
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be calculated for a biomass plant, taking into account the

flue gas treatment. These are literature data.

In order to obtain the value of the ‘‘biomass plant

emissions’’ we multiply the emission factors reported in

Table 5 by the MJ produced from the analysed plant.

For the ‘‘substituted emissions’’ we used the emission

factors for the domestic boilers and the natural gas and oil

combustion, added to the emission factors for the produc-

tion of the electricity.

Remembering that an emission factor is defined as the

weight of pollutant issued by a source referred to the entity

of energetic production (MJ, kWh), in Tables 6 and 7 we

respectively report the emission factors to generate thermal

and electric energy.

Fig. 4 External costs

Table 1 Main features of the

studied plant
Fuel Biomass—different residual biomass stream (‘‘clean’’ wood and waste wood)

Technology Combustion on fluidized bed

Energy recovery Organic rankine cycle (ORC)

Capacity 20 MW

Availability 8,000 h/year

ge 20%

gtot 80%

Treatment emissions

Dust ESP (Electrostatic precipitation)

NOx SCR (Selective catalytic reduction)

SOx Injection of CaOH
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By examining the Table 6, the emission factors repre-

sent the milligrams, respectively of total dust, nitrogen

oxides and sulphur oxides and the grams of dioxide carbon,

for each produced MJ when it is used a boiler with natural

gas, gas oil, fuel oil or biomass. By examining, now the

Table 7 the emission factors represent, respectively, the

milligrams of total dust, nitrogen oxide and sulphur oxide

and the grams of carbon dioxide, for each generated elec-

tric kWh.

2In order to obtain the ‘‘substituted emissions’’ it is

necessary to operate a distinction: at local level this value

corresponds to the emissions avoided for the thermal

energy produced by the plant and transferred by a district

heating. At global level this value is obtained by adding

two different parts: the quote of emissions avoided for the

thermal energy produced by the plant and transferred by a

district heating and the quote of emissions avoided for the

electric energy produced by the plant.

The quote of emissions avoided for the thermal energy

produced, both at local level analysis and at global level

analysis, is obtained by multiplying the emission factors

reported in Table 6 by the thermal MJ produced by the

plant and potentially transferred to the district heating. The

quote of emission avoided for the electric energy produced,

is obtained by multiplying the emission factors reported in

Table 7 by the electric kWh produced by the biomass

plant.

The following hypotheses have been used in the balance

evaluations:

• At the global level, all the electricity produced by the

biomass plant is transferred to the network;

• At the local level, not knowing the effective percentage

of connection of the users (domestic boilers) to the district

heating network, we evaluate different hypotheses

expressed as percentages of connection to the network.

Fig. 5 Thermodynamic cycle and components of ORC plants

Table 2 Summary of the biomass plant energy data

Required biomass 57.300 ton/year

Plant capacity 20 MW

Electric production 4 MW

Thermal production 12 MW

Table 3 Data for the catchment area

Population 6.000

n� houses 4.000

Thermal energy requirement 67 GWh/year

Table 4 Required thermal energy for the different types of facilities

Utilities Required thermal energy [MWh/year]

Residential utilities 67.200

Public utilities 3.100

Commercial utilities 4.500

Table 5 Emission factors considered for biomass plants [14]

mg/MJ g/MJ

Dust NOx SOx CO2

Biomass plant with flue treatment 4 30 10 –
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From the point of view of the analyzed pollutant

parameters the analysis with reference to the considered

scale is as follows:

• On the local and global scales, the considered param-

eters are: dust, nitrogen oxide and sulphur oxide;

• On the global scale only, the considered parameter is

carbon dioxide.

Subsequently, after performing the environmental bal-

ance analysis, an external costs analysis was performed in

order to establish the damage or the advantage derived

from the studied biomass plant. In order to perform the

external costs analysis we used the data, expressed in terms

of €/kg (€/t only for the parameter CO2) reported in Fig. 4.

Environmental Balance on the Local Scale

and Analysis of the External Costs

As the ratio of energy that will be effectively transferred

varies on the local level, we tested different hypotheses for

the district heating network connection, expressed as per-

centage values. The obtained results are reported in

Table 8 and in Fig. 6. In Table 8 we report the numerical

value of the added emissions (attributable to the introduced

biomass plant) and the values of the avoided emissions

(attributable to the substitution and hence the shut-down of

some domestic boilers) with reference to the connection

percentage to the district heating network.

In Fig. 6 we report the results expressed as environ-

mental balance.

By considering the results reported in Fig. 6, we observe

that the environmental advantage of the plant is obviously

correlated to the percentage of connection to the district

heating network, and therefore, from the local environ-

mental balance point of view, to the amount of thermal

energy that can be effectively transferred.

If we examine the graph in more detail, considering the

dust parameter we have a general worsening of the air

quality (because the values of the environmental balance

are positive for every percentage of connection). Consid-

ering nitrogen oxide we observe an improvement in air

quality (from the environmental balance point of view)

when the connection rate exceeds 90%. Finally, consider-

ing sulphur oxide we can observe an improvement in air

quality when the connection rate reaches 30%.

The results of the external cost analysis are also very

interesting. These results are reported in Fig. 7.

By analyzing these results we can see that we have an

advantage with a connection rate of 70% or higher. In fact

if the connection is less than 70% the balance of impacts

leads to an increase and to an additional external cost, for

more the 70% there is a contrary aspect.

Table 6 Emission factors for the main fuels for heating use [14]

Fuels mg/MJ g/MJ

Dust NOx SOx CO2

Natural gas 0 40 0 55.6

Gas oil 3.5 60 100 746

Fuel oil 5 100 140 84.5

Biomass 60 150 10 –

Table 7 Emission factors for electricity production [14]

Fuels mg/kWh g/kWh

Dust NOx SOx CO2

Electricity 600 943 29 675

Table 8 Added and avoided emissions (local scale)

Biomass plant emissions [ton/year] Emissions avoided, on local scale, in function of the connectable percentage [ton/year]

100% 90% 80% 70% 60% 50% 40% 30% 20% 10%

Dust 1.8 0.7 0.63 0.56 0.49 0.42 0.35 0.28 0.21 0.14 0.07

NOx 13.8 15.6 14.04 12.48 10.92 9.36 7.8 6.24 4.68 3.12 1.56

SOx 4.6 20.7 18.63 16.56 14.49 12.42 10.35 8.28 6.21 4.14 2.07

Fig. 6 Environmental emissions balance as a function of the

connection percentage (local scale)
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Environmental Balance on the Global Scale

and Analysis of the External Costs

In this case, there is a difference compared to the previ-

ously reported local-scale evaluation where the ‘‘avoided

impact’’ consists exclusively of the produced and trans-

ferred thermal energy; on the global scale this avoided

impact aspect consists of two parts: produced and trans-

ferred thermal energy and produced and transferred

electricity.

In the performed evaluations we used the following

hypotheses:

• For electricity, we considered that it is fully transferred

to the network;

• For thermal energy we have evaluated several different

scenarios of connection rates of the domestic boilers to

the district heating network.

Our results are as follows. In Table 9 we report the

additional new plant emissions and the avoided existing

plants emissions as a function of the percentage of the

thermal energy substituted. In Fig. 8 we report the glo-

bal-scale environmental balance in reference to the pol-

lutant parameters: dust, nitrogen oxide and sulphur

oxide, as a function of the percentage of connection to

the district heating network. In Table 10 and in Fig. 8 we

report the environmental balance, on the global scale, in

reference to the parameter carbon dioxide as a function

of the percentage of connection to the district heating

network.

If we now examine in detail the two graphs (8a and 8b),

considering the sulphur oxide parameter we observe a

general improvement in air quality from the point of view

of environmental balance: this improvement obviously

changes as a function of the percentage of connection to the

district heating network and therefore as a function of the

effectively transferred thermal energy. Considering nitro-

gen oxide we observe an improvement when the connec-

tion percentage to the district heating network exceeds

90%. Considering the dust parameter, from the results

reported in the Fig. 7b, it is possible to observe an

improvement of the global quality when the percentage of

district heating network connection exceeds 60%.

Next we analyze the carbon dioxide parameter.

By analyzing the results reported in Fig. 9 we observe,

at the level of global environmental balance, a situation of

general improvement, although this improvement depends

on the connection rate to the district heating network. It is

also important to clarify that the results reported in Fig. 9

represent the carbon dioxide environmental balance ‘‘at the

chimney.’’ Actually, in a context of general comparison, it

would be necessary to also consider other sources of CO2

emissions, such as, for example, transportation and fuel

production. This aspect would need to be considered in the

case of an actual LCA analysis instead of a sample carbon

dioxide emission balance.

Next we analyze the results of the external cost analysis.

The obtained results are reported in Fig. 10. (The contri-

bution of dust to the externality balance can be disregarded

in comparison with the other contributions.)

By analyzing the results reported in the Fig. 10 we can

see that the external costs trend is similar to the environ-

mental balance referred to in the carbon dioxide parameter

trend. The reason for this similarity is that on the global

scale the parameter CO2 is the predominant pollutant rel-

evant to global environmental balance.

For determining the total cost of the proposed solutions,

it is necessary to consider together the external costs con-

nected to the different types of impact and the industrial

costs directly incurred to the plant operators. In the specific

case of energy production, both generation, in terms of the

construction and operation of the thermal plant, and heat

demand, in terms of the network required for heat trans-

mission, must be considered.

Fig. 7 External costs analysis (local scale)

Table 9 Added and avoided emissions (global scale)

Biomass plant emissions [ton/year] Emissions avoided, on global scale, in function of the connectable percentage [ton/year]

100% 90% 80% 70% 60% 50% 40% 30% 20% 10%

Dust 1.8 2.1 2.03 1.96 1.89 1.82 1.75 1.68 1.61 1.54 1.47

NOx 13.8 44.4 42.84 41.28 39.72 38.16 36.6 35.04 33.48 31.92 30.36

SOx 4.6 65.9 63.83 61.76 59.69 57.62 55.55 53.48 51.41 49.34 47.27
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Environmental Balance and External Costs Analysis

Based on Hypothesis About Connection Rate

After having introduced the environmental balance factor,

on both local and global scales, by simulating different

scenarios and evaluating different percentages of connec-

tion to the district heating network, we now assume the

percentage of connection that seems to be the most

appropriate for the proposed situation. Based on this per-

centage we can individuate the corresponding environ-

mental balance values.

If we adopt the hypothesis of transferring 100% of the

produced thermal energy, this corresponds to the con-

nection of all civil users to the district heating network

and to the use of the residual quotient (about 30%) for

other uses (like industries, public and private facilities,

and so on). If we were able to connect the entire municipal

area to the district heating network, the resulting per-

centage of utilization of the produced thermal energy

from the biomass plant would be about 70%. Because of

the dispersion of property ownership (in the zone under

consideration) we can estimate that the percentage of

connection to the district heating system will probably not

exceed 30% of the civil facilities, and because today the

public and commercial facilities are not favorably dis-

posed to a connection to the district heating system

(mainly because of the cost of connection) this appears to

be the most realistic connection percentage. By using this

percentage we can identify the corresponding values for

the environmental balance. These values are summarized,

for simplicity, in Table 10.

By examining the Table 10 (data derived from Table 8

and Fig. 6) it can be concluded that, after the biomass plant

activation, we would experience a worsening of the air

quality, at the environmental balance level, relative to the

parameters of dust and nitrogen oxide, and an improvement

in the pollutant parameter sulphur oxide.

Fig. 8 a Environmental emission balance as a function of the connection percentage (global scale) b Detail of the environmental emissions

balance in reference to dust

Table 10 Environmental balance on the local scale

Pollutant parameters Emission balance, local scale

Dust [ton/year] ?1.59

NOx [ton/year] ?9.12

SOx [ton/year] -1.61

Fig. 9 Environmental emissions balance as a function of the

connection percentage (global scale) in reference to the parameter

CO2

Fig. 10 External costs analysis (externality balance)
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We can now examine the situation on the global scale.

In this case the adopted hypothesis corresponds to trans-

ferring all the electricity produced to the electric network,

and directing 30% of the thermal energy, with a district

heating network, to domestic boilers.

Analysis of the results reported in Table 11 (data derived

from Table 9 and Fig. 8) leads to the observation of a sub-

stantial improvement in the air quality for the pollutant

parameters nitrogen and sulphur oxide. On the other hand, we

would experience a slight worsening of the dust parameter.

The avoided CO2 is equal to 38.368 tons/year (from

Fig. 9). From the point of view of the external costs, this

percentage of connection results in a value of - 957.459 €/

year on the global scale and ? 44.453 €/year on the local

scale. This result is justified because a large part of the

benefit comes from the CO2 avoided.

Conclusion

In this work we evaluated the acceptability, from the

environmental point of view, of a biomass combustion

plant for the generation of thermal and electrical energy, to

be constructed in a small city in Piedmont, in northern

Italy. This acceptability was evaluated using the tool of

environmental and energy balance. The evaluation was

performed based on specific hypotheses:

• For electricity: all the energy produced by the plant

would be transferred to the electricity network;

• For thermal energy: we performed different simulations

with reference to different hypotheses, expressed in

terms of percentage of connection to the heating network.

We then identified the scenario (i.e., the percentage) that

represents the best situation. The main conclusion was that

the most effective scenario (for both convenience and

acceptability), from the environmental point of view, is to

transfer all the produced thermal energy. In this way the

emissions produced from the biomass plant are balanced by

the values of avoided emissions attributable to the shut-

down of many of the domestic boilers. In the case where all

the produced energy is transferred to the network, the

balance will lead to an improvement in air quality. This

improvement (and hence the advantage) decreases with a

decreasing percentage of transferred thermal energy.

On the global scale, and in particular concerning

greenhouse gases, these plants are always advantageous:

the CO2 produced from biomass combustion is balanced by

the quantity that is absorbed by the plants during their

lifetimes. The global advantage, in this case, is therefore in

no doubt.

The above reported considerations are also confirmed by

taking into consideration the results of the external costs

analysis. In fact it has been verified from the results con-

nected with the external costs that this advantage aspect

can be confirmed.
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