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Abstract
Waste-to-energy technologies from anaerobic digestion (WtE-DA) are successfully used in European countries for electric-
ity generation. In Mexico, the application of these processes is limited due to their design and operation complexity, high 
required investment, high operations and maintenance costs, and low government support, which hinders their economic 
competitiveness. This work conducted a study to determine the best conditions of electricity generation through WtE-DA 
processes to be competitive compared with the conventional process. An industrial-scale process was designed regarding 
the co-digestion of fruit and vegetable waste from a food supply center with slaughterhouse waste from the Monterrey Met-
ropolitan Area in Mexico. Analysis scenarios were strategically proposed considering different sizes of the WtE-DA plant, 
transport distance from the source of waste to the process, and the degree of government participation through economic 
subsidies granted to clean energy production. The environmental performance of the plant was evaluated via the climate 
change indicator (CCI) following a life cycle analysis approach, and the net present value (NPV) was used as an economic 
criterion. The results show that the CCI has a high sensitivity to the waste transport distance, having a maximum of 130 km 
to ensure environmental success. The sensitivity analysis performed on the management capacity and NPV indicates that 
plants smaller than 72,000 t year−1 are economically unviable and require governmental financial support like that granted in 
European countries. This work provides reliable operating, eco-efficiency criteria, and subsidy schemes to support decision-
making for proper investment in bioenergy projects.
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1  Introduction

Waste-to-energy (WtE) technologies have become an attrac-
tive option for countries seeking to minimize the environ-
mental impact of landfills as a final waste disposal strategy 
[1, 2]. The European Union classifies the anaerobic digestion 
of organic waste as one of the main promising WtE options, 
together with waste incineration in combustion plants and 
indirect incineration after a pyrolysis or gasification step [3]. 
As a complement to waste management, the anaerobic diges-
tion waste-to-energy (WtE-AD) systems can produce biogas 
(60% CH4 and 40% CO2) and digestate, which can be used 
to produce clean energy and biofertilizers, respectively [4].

In Mexico, WtE-AD technologies can play an essential 
role in achieving the national climate change strategy imple-
mented in 2013 [5, 6], which aims to comply with the ratified 
Paris Agreement goals. The importance of those processes 
lies in minimizing the environmental impact of organic 
waste management and reducing greenhouse gas (GHG) 
emissions while producing clean electricity [7]. Tsydenova 
et al. [6] analyzed the feasibility of WtE-AD of municipal 
solid waste in Mexico City through life cycle assessment 
(LCA), using as a functional unit (FU) 1 kg of waste gener-
ated in a metropolitan food supply center (FSC), determin-
ing a climate change indicator (CCI) of 4.01 kg CO2 eq t−1, 
99.5% less than the landfill strategy.

The successful application of WtE-AD is influenced by 
the variation and composition of raw materials (energy crops 
and organic waste), operating conditions [7], government 
subsidies and incentives [8], revenues from organic waste 
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management, and the potential use of coproducts (energy 
and biofertilizer) [9]. In addition, these waste management 
technologies in Mexico can be subject to carbon offset cer-
tificates, increasing the economic success possibility [6].

In Latin America, WtE-AD is commonly used to treat 
manure in dairy and pig farms through covered anaerobic 
lagoons installed in decentralized small- and medium-scale 
plants. In these facilities, biogas and digestate are generally 
not adequately monitored due to the region’s budgetary and 
technological limitations; consequently, biogas and elec-
tricity production is also limited. Low biogas production 
is associated with using manure as a single substrate [10] 
since the content of organic material makes it hard to biode-
grade [11, 12]. Pöschl et al. [13] found that mono-digestion 
is unsustainable for large-scale biogas plants. In Germany, 
most WtE-AD plants use co-digestion between three to five 
substrates [14] from farms, municipal slaughterhouses, food 
packers, and FSC. Notably, the FSC represent localized sites 
for food and loose waste generation. In Latin American met-
ropolitan areas, extensive FSC represents localized waste 
generation sites. Mexico City generates around 326,675 t 
year−1 organic waste [15], which brings opportunities to 
implement profitable WtE-AD strategies.

In Latin America, no studies analyze the technical–eco-
nomic and environmental feasibility of WtE-AD together. 
The few existing ones analyze these issues separately. In a 
medium-sized city in Argentina, Morero et al. [16] analyzed 
the environmental and energy performance of a WtE-AD 
plant of sewage sludge and the organic fraction of munici-
pal solid waste following an LCA approach. The authors 
considered two valorization scenarios: biogas to substitute 
natural gas or electricity. In both alternatives, the problems 
related to landfill disposal can be solved, showing green-
house gas emissions of − 1.02 and 3.2 × 10−4 kg CO2 eq t−1, 
respectively, demonstrating the environmental advantages 
of WtE-AD technologies. In Brazil, Velasquez-Piñas et al. 
[17] analyzed the effect of different WtE-AD plant sizes on 
the economic and energetic criteria, considering different 
schemes of mono and co-digestion of cow manure, corn, 
and grass silage. Their results indicated that plants with an 
electricity generation of less than 1000 kW are viable only 
for the mono-digestion of cow manure. Co-digestion plants 
with a generation greater than 1000 kW can be economically 
viable if the substrate’s costs are equal to or less than 11.49 
USD t−1 for corn and 12.40 USD t−1 for grass silage. Two 
restrictions must be met to achieve economic competitive-
ness: electricity sale prices must be above 0.10 USD kWh−1 
and government subsidies greater than 0.03 USD kWh−1. In 
Mexico, Gutiérrez et al. [18] evaluated the effect of mono 
and co-digestion of pig manure and elephant grass, differ-
ent biogas uses, and government subsidies for infrastruc-
ture construction, on the economic viability of a centralized 
WtE-AD. The authors concluded that co-digestion is the best 

management alternative due to increased methane produc-
tion. Also, it was found that electricity generation is the best 
option for biogas valorization and that economic success 
is accomplished when the electricity has a minimum tariff 
of 0.129 and 0.114 USD kWh−1 with and without subsidy.

The state-of-the-art review shows the absence of multi-
criteria studies that contemplate under what conditions a 
WtE-AD plant can be competitive, limiting itself to evaluat-
ing processes with fixed waste treatment capacities, without 
determining the role played by different levels of govern-
ment participation (through subsidies for the generation of 
clean electricity), nor the effect of waste transport distances, 
to jointly achieve the sustainability of these processes in 
Mexico. This work aims to conduct a techno-economic and 
environmental analysis to fill this knowledge gap, supplying 
ecoefficiency criteria to support decision-making for finan-
cial investment in bioenergy projects. This study’s meth-
odology approach and results can be helpful in other Latin 
American countries with high fossil fuel dependence and 
waste management systems based on final disposal sites.

2 � Materials and methods

2.1 � Electricity and biofertilizer production 
from waste‑to‑energy anaerobic digestion 
plant

2.1.1 � General features

The Monterrey Metropolitan Area (MAM), located in the 
Nuevo León state in Northeast Mexico, was considered a 
case study. The MAM is the second-largest city in the coun-
try, with a population of 5.34 million [19]. This city houses 
the largest FSC in the northeast of the country, generating 
around 33 t day−1 of waste, made up of 85% of fruits and 
vegetable waste (FVW), and,as is the case in most Latin 
American countries, are confined to final disposal sites: 
landfills and open dumps. Considering these wastes’ high 
availability and localized generation, a WtE-AD plant oper-
ated under an FVW and slaughterhouse waste (SHW) co-
digestion regime in a 1:1 VS ratio was proposed as recom-
mended by Miramontes-Martínez et al. [20], corresponding 
to a fresh mass ratio of 1.28 FVW:SHW (the waste charac-
terizations of these substrates are given in Table S1 of the 
Supplementary Material Section). This proportion grants 
high yields and adequate process stability, allowing the WtE-
AD to operate successfully during the life of the process.

This work proposed five analysis scenarios based on the 
waste management capacity. Scenario 1 corresponds to a 
WtE-AD process that manages 18,177 t year−1, made up 
of FVW in co-digestion with SHW (it was assumed to be a 
constant supply without variations in the waste composition 



Biomass Conversion and Biorefinery	

1 3

during the useful life of the WtE-AD plants, 25 years). The 
anaerobic digestion process was carried out in two digest-
ers with individual operating volumes of 1000 m3 (design 
specifications are given in Section 2.1.2). Scenarios 2 to 5 
considered proportional increases in the management capac-
ity and the number of digesters concerning scenario 1; i.e., 
scenario 2 manages 36,354 t year−1 in four digesters, while 
scenario 5 operates with 90,885 t year−1 in ten digesters.

The diagram of the plant and its main characteristics are 
shown in Fig. 1 and Table S2, respectively. Some authors 
have suggested a maximum distance of 25 km from waste 
transport to centralized WtE-AD [21]. In this work, 20 km 
was used as a base distance. However, the environmental 
impact at higher distances was analyzed (Section 3.2). The 
transport of FVW was carried out in heavy truck class 7 
(weight capacity 11.8–15 t and dimensions of width 2.44 m, 
height 3.18–3.43 m, and length 5.33–5.8 m) and the SHW 
in refrigerated trucks (weight capacity 11.8–15 and dimen-
sions of width 2.59 m, height 2.64 m, and length 9.16 m), 
as established by Mexican standards [22]. All trucks operate 
under the Euro 5 emission regulations.

2.1.2 � Biogas pre‑treatment and production module

The waste entering the process is ground and mixed through 
a hammer crusher and a mixing tank. In this stage, water is 
added until the concentration of the substrates is reduced 
to 87.5 kg VS m−3. The added water comes from the tap 
water network and the digestate drying stage. The biogas 

production stage consists of stirred tank digesters in semi-
continuous operation with an operating volume of 1000 m3, 
as described in Table S2. This volume was selected because 
it is usually used as a minimum for considering digesters on 
an industrial scale [23].

The AD phenomenon was simulated using the Anaerobic 
Digestion Model No. 1 (ADM1) [24] coupled with a co-
digestion model proposed by Miramontes-Martínez et al. 
[12]. The numerical resolution of ADM1 was carried out 
according to the methodology of Rivas-García et al. [25]. 
Table S3 shows the initialization values of the model, which 
are based on the characterization of substrates (Table S1). 
The ADM1 allows for quantifying the concentration of 
ammoniacal and organic N in the digestate, which helps 
evaluate the biofertilizer quality.

2.1.3 � Coproducts generation

The biogas generated in the digesters is fed to the cogenera-
tion heat and power (CHP) unit, which has 38% and 48% 
electrical and thermal efficiency, respectively [26]. The 
internal electricity consumption in the plant is self-sup-
plied, and the surplus is exported to the national electricity 
distribution network. Part of the heat generated is used to 
maintain isothermal conditions in the digesters (through the 
methodology proposed by Passos and Ferrer [27]), and the 
remainder is released into the environment.

The digestate removed from the reactors receives a drying 
treatment using a decanter and a drum-type dryer to reduce 

Fig. 1   System boundaries of organic waste valorization through a waste-to-energy anaerobic digestion (WtE-AD) plant
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biological activity and increase the concentration of N–NH3. 
The decanter recovers some water from the digestate, rein-
corporated into the digesters, as mentioned at the beginning 
of Section 2.1.2. The effluent from the decanter is sent to the 
drum-type dryer to reduce its humidity from 80 to 15%. The 
resulting biofertilizer is sold in the study region.

2.2 � Life cycle assessment implementation

2.2.1 � Aim and scope definition

The LCA aims to quantify the environmental impact of the 
management of FVW from the food supply center through 
a WtE-DA plant to produce electricity and biofertilizer. The 
system boundary is shown in Fig. 1. Within the boundaries, 
the production of all the necessary mass and energy sup-
plies in each life cycle stage was considered. The activi-
ties associated with the manufacture and final disposal of 
transports and construction and demolition of facilities were 
not considered in the analysis. The activities of electricity 
transmission through the national distribution network and 
those related to the transport and biofertilizer application 
were considered outside the study’s aims and scope. Given 
the remoteness and dispersion of the agricultural produc-
tion fields and the lack of a properly established market for 
biofertilizers in the city, the activities related to its distribu-
tion and use have substantial uncertainty. Other LCA studies 
in biogas production plants from organic waste implement 
a similar scope in considering the fertilizers study [28, 29].

The FU was defined as the management of 1 t of FVW 
(wet base) from the FSC with the characteristics presented in 
Table S1. Since it is a co-digestion process, the FU encom-
passes the environmental impacts derived from the valoriza-
tion of FVW and SHW.

2.2.2 � Life cycle inventory analysis

Inventory of intermediate product flows  The diesel con-
sumption was determined considering the transport perfor-
mance and the distance traveled from the source of waste 
generation and the WtE-AD plant (Section 2.2.1). The elec-
tricity consumption for the pre-treatment and by-product 
generation modules was obtained from the equipment’s 
technical specifications. The digesters’ electrical consump-
tion was calculated using Passos and Ferrer’s methodol-
ogy [27]. The water required in the digesters was estimated 
using a mass balance (Sections 2.1.2 and 2.1.3). Finally, the 
consumption of lubricant by the digesters and the CHP was 
obtained from the Ecoinvent 3.3 database [30].

It was considered that the electricity supplied to the 
national electricity distribution network replaces conven-
tional electricity in the same proportion. The biofertilizer 

substitutes commercial urea fertilizer based on its total N 
content (ammoniacal and organic).

Inventory of elementary flow emissions  GHG emissions 
generated by waste transportation were estimated using The 
Greenhouse gases, Regulated Emissions, and Energy use in 
Technologies Model [31]. For the biogas pre-treatment and 
production module, only emissions from methane leaks from 
the digesters equivalent to 1% of methane production are 
considered, according to the estimation from the European 
Environment Agency [32]. Fugitive C–CO2 emissions from 
digesters and electricity generation were not considered in 
evaluating the CCI due to their biogenic origin [33].

Emissions coming from the electricity generation stage 
from the CHP were obtained from the Ecoinvent 3.3 data-
base [30]. This work considered the environmental impact 
of the WtE-AD plant for 25 years (since this horizon is a 
typical lifetime of the FVW and SHW management pro-
cess), as well as the equipment’s efficiencies and its emis-
sions not changing over time. GHG emissions in bioferti-
lizer production come from the decanter and the drum-type 
dryer (Section 2.1.3). Direct N–N2O emissions are released 
in the decanter [34]. The effluent from the decanter was fed 
in a mechanical drum drier, where temperature and con-
tact surface are high, fostering that a considerable amount 
of N–NH4

+ is emitted as NH3 [34]. In this work, it was 
assumed that 85% of the available NH4

+ is emitted as NH3. 
The ADM1 model simulated the NH4

+ concentration in the 
sludge. This methodology can be reviewed in detail in Rivas-
García et al. [35]. Indirect N2O emissions from NH3 vola-
tilization were determined using the Guidelines for National 
Greenhouse Gases Inventories, Chapter 11 [33].

2.2.3 � Life cycle impact assessment

The life cycle impact assessment (LCIA) was carried out 
under an attributional approach, and the analysis model was 
implemented using SimaPro® 7.3.3 software [36]. The data 
concerning to production of materials and energy considered 
in the life cycle inventory were taken from the Ecoinvent 
database v 3.3 [30]. The environmental performance of the 
WtE-AD was determined using the midpoint CCI using the 
Intergovernmental Panel on Climate Change 2013 GWP 
100y method, as suggested by Eriksson et al. [37].

2.3 � Economic assessment

Scenarios 1–5 were employed to conduct the economic 
assessment of the WtE-AD plant. The economic evaluation 
was carried out by analyzing the net present value (NPV) 
after taxes taking 2021 as the reference year. The assessment 
assumed a minimum attractive return of 8.4%, inflation of 
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4.89% [38], and a project lifetime of 25 years. Funding of 
50% in the initial investment of the plant was considered 
through a bank loan with an annual interest rate of 7.75% 
with a 10 years time horizon, without the option of refi-
nancing [38]. The investment and operation and mainte-
nance (O&M) costs of the WtE-AD plant were quantified 
utilizing a correlation with other AD systems’ organic waste 

management capacity on an industrial scale (Fig. 2). O&M 
costs were considered to increase proportionally to annual 
inflation. The depreciation of equipment and transportation 
was estimated at 10 and 15% per year, respectively.

Economic revenue from the sale of electricity and biofer-
tilizer was considered; 79 USD t−1 [16] and 0.141 USD 
kWh−1, respectively [40]. Table 1 shows the data used in 

Fig. 2   Relationships between 
investment and O&M costs and 
management sizes of anaerobic 
digestion plants on an indus-
trial scale. The regressions 
were constructed via Tsilemou 
and Panagiotakopoulos’ [39] 
information
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the economic assessment, including investment and O&M 
costs, taxes, and economic revenue (taking as an example 
investment, O&M, and vehicle costs in scenario 1). Eco-
nomic revenue was increased annually in line with inflation.

Table 1 also shows the economic revenue for managing 
FVW and SHW in the WtE-AD plant. This work assumes it 
is equivalent to that of their management in the city’s sani-
tary landfill. Table S4 shows revenues from organic waste 
management in several WtE-AD plants reported in the lit-
erature, which are relatively higher than those used in this 
study. The low costs of waste management in Mexico are 
due to the absence of legislation that restricts sanitary land-
fills use. In Europe, environmental regulations and govern-
ment taxes on organic waste management are the leading 
cause of the rise of WtE-AD technologies [42].

The models for the WtE-AD plant design, the economic 
model, and the sensibility analysis (except the environmental 
evaluation) were developed in Microsoft Excel®.

3 � Results

3.1 � Technical results of the waste‑to‑energy 
anaerobic digestion plant

The operating conditions and the digester performance 
results are shown in Table S5. The digesters have an indi-
vidual biogas productivity of 1.12 m3 m−3 day−1, equivalent 
to 35.5 m3 FU−1, with an average of 59% methane. Similar 
average results are observed in the same table for processes 

of this type according to the smart European biogas sustain-
able energy program [43].

For all scenarios, the biogas produced through the CHP 
unit produces 141 and 178 kWh FU−1 of electricity and heat, 
respectively; 17.7% of the electricity is used for the plant’s 
internal consumption, and the surplus is injected into the 
national electricity grid (Fig. 3). Gebrezgabher et al. [44] 
determined an electrical performance of 222.3 kWh t−1 
of substrate formulated in co-digestion (pig and chicken 
manure, food residues, corn, and flower bulbs), which is 
related to higher hydraulic retention time and temperature 
of operation (40 d and 40 °C, respectively). On the other 
hand, Akbulut [45] reports a lower electricity production, 
81.36 kWh t−1 of managed waste (cow and sheep manure) 
for a plant with similar characteristics (organic loading rate 
of 2.51 kg m3 day−1 and 39% CHP efficiency). This dif-
ference may be due to the low productivity of cow (0.68 
m3  m−3  day−1) and sheep manure (0.198 m3  m−3  day−1) 
compared to the productivity obtained in this study (1.12 
m3  m−3  day−1). The plant also generates 1.65 t FU−1 of 
digestate, which is dried until obtaining 0.1857 t FU−1 of 
biofertilizer with a 20.72 kg N–NH3 UF−1 concentration 
(Fig. 3).

3.2 � Life cycle assessment

Figure 3 shows the inputs and outputs flow of the WtE-AD 
plant (scenario 1 was chosen for widespread discussion). 
This figure also shows that biogas pre-treatment and produc-
tion are the major contributors to methane emissions from 
the process due to biogas leaks in the digester. The thermal 

Table 1   Parameters used in the 
economic assessment

1 50% own capital and 50% bank financing at 7.75% annual interest for 10 years.
2 Calculated as the average of the years 2014 to 2021.

Parameter Value Unit Reference

Year of reference 2021
Lifetime waste-to-energy technology from anaero-

bic digestion
25 Year

Investment cost1 16.1 × 106 USD This study
Vehicles cost 0.0108 × 106 USD This study
Operation and maintenance cost 1.03 × 106 USD year−1 This study
Taxes

  Value-added tax 16.00 % [41]
  Right to public lighting 6.00 % [40]
  Income tax 35.00 % [41]

Inflation2 4.89 % year−1 [38]
Economic revenue

  Management of fruit and vegetable waste 12.62 USD t−1 This study
  Management of slaughterhouse waste 25.24 USD t−1 This study
  Electricity 0.141 USD kWh−1 [40]
  Biofertilizer 79 USD t−1 [16]
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drying process in biofertilizer production releases the high-
est N2O and NH3 emissions from the life cycle. The loss of 
N in this process is 0.023 kg N UF−1, 76% as N2O and 24% 
as NH3.

Table 2 shows the CCI of the modules of the WtE-AD 
plant scenarios. All scenarios show a CCI of − 71.12 kg CO2 
eq FU−1, equivalent to − 0.504 kg CO2 eq per kWh gener-
ated, is mainly due to conventional electricity substitution. 
In WtE-AD plants, the literature reports − 0.21 to − 1.07 kg 
CO2 eq kWh−1 for AD processes of corn, manure, or co-
digestion with manure [7]. These values depend on the sub-
strate nature (energy crop or residue), the transport distance 

between the substrate source and the utilization plant, the 
efficiency of the CHP, and the energy mix to be replaced. In 
Mexico, electricity generation has a high CCI, 0.61 kg CO2 
eq kWh−1, and its energy sources are fossil fuels (77.33%), 
hydroelectric (15.76%), nuclear energy (3.74%), renewable 
energy (3.15%), and from waste (0.02%) [46, 47]. WtE-AD 
technologies could be an attractive alternative to mitigate 
environmental impacts in the Mexican electricity sector.

The transport distance and its influence on greenhouse gas 
emissions in the WtE-AD plant were analyzed by increas-
ing the kilometers traveled by waste transports. Table 2 also 
shows that waste transport distance substantially influences 

Fig. 3   Inputs and outputs flow 
of the waste-to-energy anaero-
bic digestion plant modules for 
scenario 1. FU, functional unit

Table 2   Total and by modules climate change indicator in the waste-to-energy technology from different waste transport distances

FU functional unit.

Module Unit Transport distance (km)

Total GHG emissions 20 60 100 150 200
  Climate change indicator kg CO2 eq FU−1  − 71.12  − 45.24  − 19.36 12.98 45.32
  Climate change indicator kg CO2 eq kWh−1  − 0.504  − 0.321  − 0.137 0.092 0.321

GHG emissions by module (Fig. 1)
  Environmental benefit by electricity substitution kg CO2 eq FU−1  − 104.7  − 104.7  − 104.7  − 104.7  − 104.7
  Environmental benefit synthetics N–fertilizer kg CO2 eq FU−1  − 1.252  − 1.252  − 1.252  − 1.252  − 1.252
  SHW transport kg CO2 eq FU−1 9.56 28.67 47.79 71.68 95.57
  FVW transport kg CO2 eq FU−1 3.38 10.14 16.90 25.35 33.81
  Pre-treatment and biogas production kg CO2 eq FU−1 7.837 7.837 7.837 7.837 7.837
  Generation of electricity coproduct kg CO2 eq FU−1 9.324 9.324 9.324 9.324 9.324
  Generation of biofertilizer coproduct kg CO2 eq FU−1 4.691 4.691 4.691 4.691 4.691
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the CCI of WtE-AD, making it noticeable that the environ-
mental impacts increase substantially due to the number of 
trips required to supply the plant (Table S6). Ruiz et al. [48] 
established 60 km for transporting FVW, SHW, and food 
waste for similar AD processes in Europe (Table 3). For this 
study, using such distance, GHG emissions from transport 
increase to 38.81 kg of CO2 eq FU−1 and the CCI of the pro-
cess goes from − 71.12 to − 45.24 kg of CO2 eq FU−1. The 
analysis reveals that at waste transport distances greater than 
130 km, WtE-AD shows GHG emissions greater than zero. 
This analysis can be helpful as the basis for more exhaus-
tive evaluations, which determine the optimal location of 
the WtE-AD plant by employing mathematical tools such 
as multi-objective optimization problems, involving cost 
studies, environmental evaluation, safety, vehicular traffic, 
legislation, and social acceptance (since the local population 
usually rejects waste management technologies). In addition, 
an essential gap in Latin America is limited and unclear 
regulation on waste transport.

The environmental benefits of managing FVW and 
SHW in the proposed scenarios of the WtE-AD plant vary 
depending on the amount of waste and its transport. The 
most extensive GHG mitigation was obtained at a transport 
distance of 20 km, generating 141 kWh FU−1 and 0.186 t 
FU−1 of biofertilizer, with a CCI of − 71.12 t CO2 eq FU−1. 
The environmental impact associated with managing these 
wastes in the sanitary landfill was estimated through the 
Mexican Biogas Model [55] at 15,760 t CO2 eq y−1 for 

scenario 1. The alternative to valorize these wastes in the 
proposed WtE-AD plants represents considerable reductions 
in GHG emissions, increasing the useful life of the landfill 
and decreasing the need to open new sites. However, the 
economics of these plants must be analyzed since WtE-AD 
plants have higher capital and O&M costs than landfills.

3.3 � Economic feasibility assessment

The economic and environmental assessment results of the 
studied WtE-AD scenarios are shown in Table 4, where the 
economy of scale is evident. One of the strategies to make 
the WtE-AD alternatives more competitive is the external 
support given by governments to produce clean energy. 
Without government support, no scenario presented eco-
nomic benefits (positive NPV). Therefore, a sensitivity anal-
ysis was developed to determine the influence of subsidies 
on the economy of the WtE-AD process.

Table 5 shows various subsidy schemes granted for elec-
tricity generation in various countries, which depend on the 
maximum installed capacity of the CHP and the substrate 
used. Germany, for example, one of the leading countries 
in WtE-AD, has the highest subsidies. In this work, a sen-
sitivity analysis was carried out to evaluate the effect of the 
subsidies (0.1–0.4 USD kWh−1) on the NPV of the WtE-AD 
plants. Figure 4 shows that the subsidies required to obtain 
a positive NPV decrease with more management capacity. 
Economic benefits (positive NPV) were achieved with sub-
sidies of 0.3 and 0.4 USD kWh−1 with management capaci-
ties corresponding to scenarios 4 and 5. The subsidy of 0.3 
USD kWh−1 is in the range of support granted by Germany 
(0.176–0.311 USD kWh−1) (Table 5). Considering this sub-
sidy, a minimum management capacity of 90,885 t year−1 is 
required to achieve financial benefits.

Figure 4 highlights the strong influence that government 
subsidies have on the financial success of the WtE-AD pro-
cess. Renewable energy policies based on waste recovery 
(which grant subsidies for producing clean energy from 
alternative options to the landfill) must consider the condi-
tions for WtE-AD technologies to be competitive within the 

Table 3   Transport distances considered in several waste-to-energy 
anaerobic digestion studies

Substrate Waste transport dis-
tance (km)

Reference

Cattle manure 5 [13]
Cattle manure 4 [49]
Corn 30
Organic waste 15–25 [44]
Organic fraction of municipal 

solid waste
9 [16]

Organic waste 22.9–36.7 [50]
Cattle manure 0.8 [7]
Corn 3
Corn 20 [51]
Organic waste 20 [52]
Organic waste 50 [53]
Organic waste 50 [54]
Pig manure 20 [48]
Cattle manure 20
Sludge 33
Fruit and vegetable waste 60
Slaughterhouse waste 60
Food waste 60

Table 4   Net present value (NPV) and climate change indicator (CCI) 
for the studied waste-to-energy anaerobic digestion plant scenarios

FU functional unit.

Scenario Waste management 
capacity (t year−1)

NPV (106 USD) CCI (kg 
CO2 eq 
FU−1)

1 18,177  − 25.18  − 71.12
2 36,354  − 27.71  − 71.12
3 54,531  − 26.05  − 71.12
4 72,708  − 22.66  − 71.12
5 90,885  − 18.33  − 71.12
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national production electricity market. In countries where 
this means a challenge, such as Mexico and Latin American 
countries, the prioritization of renewable energy policies and 
prohibitions aimed at reducing the use of landfills, like the 
European context, could encourage emerging markets based 
on waste valorization via WtE technologies.

This study provides the basis for future works, emphasiz-
ing that the uncertainties of the economic parameters should 
be considered to have more detailed evaluations.

4 � Conclusions

This work analyzed the techno-economic and environmental 
footprint of a Mexican waste-to-energy anaerobic digestion 
(WtE-AD) plant from co-digestion of slaughterhouse waste 
(SHW) and fruit and vegetable wastes (FVW), consider-
ing the influence of plant size, government subsidies for 
clean electricity production, and waste transport distance 
from source to the processing plant. The scenarios analyzed 
for the WtE-AD plant contemplated a waste management 
capacity of 18,177–90,885 t year−1 of organic waste, which 
exhibits the greatest savings in greenhouse gas emissions 
(− 71.12 t CO2 eq t−1 FVW); this concern is mainly due to 
the generation of 141 kWh t−1 FVW of electricity and 0.186 
t of biofertilizer t−1 FVW. The study even found that waste 
transport has a strong effect on the plant's environmental 
impact, especially when the waste requires refrigeration (as 
in the case of SHW) and more transport distance; when the 
transport distance is three times higher, GHG emissions of 

Table 5   Different government subsidies for electricity generation in 
waste-to-energy anaerobic digestion plants

1 Organic wastes; 2cattle manure; 3energy crops; 4proposed.

Country Subsidy
(USD kWh−1)

Maximum installed
capacity (kW)

Reference

Germany 0.2001 Up to 500 [43]
0.1761 Up to 2000
0.3112 Up to 75

Turkey 0.131 [45]
Italy 0.2363 Up to 300 [56]

0.2103 300–600
0.1843  < 600
0.3102 Up to 300
0.2702 300–600
0.2342  < 600

Denmark 0.139  < 500 [8]
Germany 0.262  < 500
UK 0.239  < 500
USA 0.169  < 500
Australia 0.070  < 500
France 0.175  ≤ 150 [57]

0.166 300
0.160 500
0.153 1000
0.147  ≥ 2000

Ireland 0.207  ≥ 500 [58]
0.180  ≤ 500

China4 0.140 [59]

Fig. 4   Sensitivity analysis 
of the net present value, its 
relationship with subsidies, and 
the management capacity of 
the waste-to-energy anaerobic 
digestion plants
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transportation are increased by 300%. The economic evalu-
ation resolved that plant sizes with processing below 72,000 
t of waste (56% of FVW and 44% of SHW) are economically 
unfeasible (negative net present values). A sensitivity analy-
sis that considers the plant processing size and government 
subsidies together indicated that economic success could be 
achieved from a capacity of 72,000 t of waste and subsidies 
like those provided by various European countries (~ 0.17 
USD kWh−1). At the largest size plant, the needed subsidies 
diminish drastically.
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