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A B S T R A C T   

The transition towards sustainable economies with improved resource efficiency is today’s challenge for all 
productive sectors. The dairy sector in Latin America is growing without considering a clear path for sustainable 
energy and waste management solutions. This study proposes integrated solutions through a waste-to-energy 
approach. The solutions consider biogas production (via cow manure) as the main energy conversion 
pathway; technology solutions include biodigesters, power generators, and combined heat and power systems 
that supply not only the energy services demanded by dairy farms (for cooking gas, electricity, refrigeration and 
hot water) but also provide organic fertilizers. Biogas’ potential was estimated to verify whether it can cover the 
energy demands of the farms, while the levelized costs of producing biogas and electricity were the indicators for 
the techno-economic evaluation of the solutions. Greenhouse gas emission reductions were estimated by 
following IPCC guidelines. Specifically, the proposed solutions lead to energy self-sufficiency in most dairy farms 
with relevant biogas and electricity costs in the range of 1.7–3.7 and 6–12 USD cents/kWh, respectively. In 
addition, implementing the proposed solutions in Latin American dairy farms would allow annual greenhouse 
gas emission reductions of 32.8 Mton CO2 eq. with an additional 17 Mton if widespread use of the supplied 
organic fertilizers is achieved.   

1. Introduction and objectives 

The Food and Agriculture Organization of the United Nations (FAO) 
and the Global Dairy Platform (GDP) recognize milk as a vital product 
that should be part of the population’s diet. This is especially relevant in 
developing countries since milk and dairy products supply calories, 
micronutrients and significant amounts of protein that can help 
combating malnutrition in children and adults [1–4]. However, due to 
the significant greenhouse gas (GHG) emissions produced by the live
stock sector (meat and dairy production), and in line with the Sustain
able Development Goals (SDGs), a healthy and sustainable diet that 
contributes to reducing the consumption of dairy products is also 

promoted [5,6]. It is possible that this trend will gain more support and, 
perhaps, begin to consolidate first in developed countries. Nevertheless, 
for the short and medium term, milk and dairy products will continue to 
remain critical in developing countries for the reasons stated above, 
with their supply promoted by governments under the support of in
ternational organizations such as the Global Dairy Platform and, in Latin 
America, the Pan-American Dairy Federation (Federación Panamericana 
de Lechería, FEPALE [7]). Therefore, it is expected that the demand for 
milk and dairy products will continue to increase [1,2]. In these cir
cumstances it is paramount to explore novel solutions applied to the 
dairy sector to ensure that this growth occurs under conditions of sus
tainability through efficient management of resources. These solutions 
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can allow reducing the negative environmental effects of dairy activities 
while, simultaneously, addressing various sustainable developmental 
goals (SDGs) [2,8,9]. 

According to a 2019 report from FAO and GDP [2], global milk 
production has grown by 30% between 2005 and 2015. In the particular 
case of Latin America (Central and South America), the growth of milk 
production has increased at a rate of 2.9% annually in the same period. 
This continuous growth implies the demand for more resources and 
services, i.e., land (for grazing fields and production of feed), trans
portation (dairy farm inputs and product deliveries) and energy services 
required by dairy farms, which in turn result in a higher generation of 
animal waste. The supply of these growing demands inevitably results in 
a higher generation of GHG emissions. Between 2005 and 2015 GHG, 
emissions from the dairy sector increased by 18% worldwide. 

Latin American dairy farms exhibit a range of intensity and charac
teristics, e.g., Brazil alone produces 45% of the milk produced annually 
in this region, and together with Mexico, Argentina and Colombia, 
production reaches up to 85% of the total milk supply [10]. Generally, 
these four countries have large dairy farms (usually owned or managed 
by multinational dairy companies) with sophisticated equipment and 
systems for raising dairy cattle, making the industry a key economic 
contributor [11–13]. For the remaining Latin American countries, dairy 
farming is still considered as a subsistence activity, most often as a 
complement to agriculture and characterized by the existence of “milk 
cooling centers” where small farmers refrigerate the milk since they 
cannot afford individual cooling systems. Across Latin America around 
75% of dairy cows (who supply 40% of the milk produced) are raised 
with a dual purpose, i.e., for the provision of milk and meat, with dairy 
farming considered a complementary activity [2,14–18]. Small-scale 
dairy farmers are often organized into associations, unions and federa
tions [7,14,15,19]. Despite this organization, which provides them 
representation in the economic and government sectors, the support 
they receive from competent institutions does not reach levels that 
guarantee the promotion and implementation of sustainable solutions 
for the provision of energy services and waste management. 

Typical energy services demanded by dairy farms are electricity (for 
equipment operation and lighting), thermal energy services such as 
refrigeration (for milk preservation) and hot water (for cleaning and 
sterilizing equipment). Additional thermal services can be required for 
air conditioning and/or for drying systems [20–22]. Currently, in Latin 
American dairy farms, these services are supplied by using conventional 
energy solutions, mostly based on fossil fuels. Grid electricity is used for 
powering equipment and providing refrigeration, while hot water is 
supplied by either using electric heaters or, most commonly, boilers or 
heaters fueled by Liquefied Petroleum Gas (LPG) or Natural Gas (NG) 
[17]. Digester-produced biogas that would result from an adequate 
manure management of the farms is not in widespread use as an alter
native energy source that can supply farms’ energy demands [8,23,24]. 

Regarding GHG emissions from dairy farms, most of these emissions 
are methane (CH4) produced by enteric fermentation (i.e., microbio
logical process in the digestive system of ruminants). Standard manure 
management results in additional CH4 emissions along with nitrous 
oxide (N2O) emissions. The final disposal of manure (raw or treated in 
biodigesters) is generally to the soil as fertilizer, where microbial pro
cesses occur, generating additional N2O emissions. Other direct and 
indirect emissions are carbon dioxide (CO2) emitted by food production 
(for livestock), transportation and energy use associated with the dairy 
activity [2,25,26]. 

Various researchers have studied biogas production using dairy 
waste (manure), highlighting not only the environmental benefits of this 
process but also the importance of the outputs, namely digesters as a 
means to supply energy services and organic fertilizers [23,24,27]. 
Other studies focus more on the process of biogas production itself 
[28,29], in some cases looking for improvements of the bio-digestion 
process considering mixtures of dairy manure with other bio-wastes 
such as crop residues and food waste [30–34]. Determining the 

potential of biogas production, and its economic and environmental 
implications when utilizing biogas for the supply of electricity and/or 
heat, are also topics of study [8,17,32,34–38]. Several investigations 
have shown that biogas production with dairy/organic waste contrib
utes positively to the reduction of GHG emissions [27,31,33,37,39], 
which in turn contributes to the sustainability of the livestock sector, 
since it promotes resource efficiency generating environmental and 
economic benefits. This falls on the concept of “waste–to-energy”, also 
linked to the development of a circular economy [40–42]. However, 
most of these studies focus on specific dairy farms located in certain 
regions or countries far from Latin America. A recent study [43] presents 
the state-of-the-art “organic waste to energy” in Latin America by 
exploring the challenges and opportunities in this matter. Although the 
study considers different organic wastes as a source for energy produc
tion, it does not focus specifically on the dairy sector. Furthermore, the 
study remarks that “low-cost” biodigesters were successfully imple
mented in this region while large biodigesters are not common due to 
their investment costs, technical complexity and maintenance demands. 
A handful of other studies were found with a focus on Latin American 
livestock systems. Two of them analyze and discuss enteric methane 
mitigation strategies for different ruminants, including beef and dairy 
cattle [44,45], while a separate literature review study focuses on the 
effect of (i) the type of production system (non-grazing, semi- 
confinement, and pasture), (ii) the type of livestock (dairy/dual pur
pose), and (iii) the geographic region on the carbon footprint (GHG) and 
milk productivity of cattle [46]. Although these investigations present 
useful and relevant results for environmental assessments, they do not 
cover an analysis or evaluation of potential sustainable waste/energy 
solutions for dairy farms. Finally, another investigation that addresses 
the impacts on GHG emissions due to the use-occupation of land for 
dairy and beef cattle [47] mentions that, until 2017, only five studies in 
this matter were found for dairy cattle in Latin America, compared to 49 
studies found in Europe. This suggests that Latin America, and specif
ically the dairy sector in this region, requires more attention in terms of 
research that can contribute to sustainable development. 

Considering the findings of the literature review mentioned above, it 
is clear that a deeper understanding is needed concerning the integration 
of issues related to waste-to-energy solutions, the potential for biogas 
production, utilization, and GHG emission reductions in Latin American 
dairy farms. It is also clear that with a proper approach, biogas pro
duction on dairy farms has the potential to reduce GHG emissions (CH4 
and N2O) by introducing improved waste management [9,25,48] and 
utilizing the biogas to cover the energy demands of the farms, thereby 
replacing the use of conventional fossil fuel-based energy services and 
reducing the associated CO2 emissions [8,23,37]. Furthermore, the 
organic fertilizer (often referred to as bio-slurry) that results from biogas 
production is highly valued in agriculture for its nutrient content. The 
use of this organic fertilizer, whose components are nitrogen (N), 
phosphorus (P) and potassium (K), would allow minimizing or avoiding 
the use of synthetic fertilizers and, consequently, the CO2 emissions 
associated with their production [49,50]. Additionally, the use of 
organic nitrogen in the soil would result in lower N2O emissions than 
those generated by using synthetic nitrogen [26]. Waste-to-energy so
lutions that are suitable for different types of dairy farms can include: 
biodigesters (for biogas production), electricity generators (such as in
ternal combustion engines or microturbines fueled by biogas), heat re
covery systems (for the provision of hot water, heating, drying systems), 
and absorption cooling systems (for the supply of cooling/refrigeration 
using recovered heat, from exhaust gas, as a source of thermal energy). It 
can also be combined with other energy sources (solar and wind energy) 
and conversion devices [8,17,38,51,52]. It is expected that the appli
cation of these technological solutions would allow improvements in 
waste and energy management that directly address some of the SDGs, 
such as goals 7 (affordable and clean energy), 12 (responsible con
sumption and production) and 13 (climate action). Some other SDGs 
would also be addressed indirectly due to the economic, social and 
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environmental effects caused by the application of these potential so
lutions in the dairy sector [5]. 

Under the scenario explored in this study, the objective of this 
research is to assess whether the biogas production potential of Latin 
American dairy farms is sufficient to cover their energy demands and 
quantify the potential reduction of GHG emissions that follow from an 
application of the proposed biogas-based solutions. An assessment of the 
impacts on the energy balance and a techno-economic evaluation of the 
solutions will allow for a verification of the energy self-sufficiency of the 
dairy farms. The energy service demands are gas for cooking, electricity, 
refrigeration and thermal energy for hot water supply. For the purpose 
of this study, the biogas production potential, organic fertilizers supply 
and the demand for energy services of the Latin American dairy farms 
are estimated for specified farm size categories. Various biogas-based 
solutions are proposed to supply the energy service demands of 
different farm sizes. By deriving an energy balance for each farm size 
category, it is possible to analyze whether the proposed solutions can 
cover the energy demands or whether there is likely to be a deficit or 
surplus of energy services. The techno-economic feasibility of the solu
tions is evaluated and discussed by focusing on the costs of producing 
biogas and electricity. Finally, the amount of GHG reductions, CH4, N2O 
and CO2 that can be achieved by applying the biogas solutions are 
estimated (enteric fermentation is not considered). 

2. Methodology 

To perform this study the following steps were followed:  

• Data collection on the dairy sector in Latin American countries, 
including the number of dairy cows, average fuel mix for electricity 
generation, emission factors for CO2, main characteristics and effi
ciencies of technologies for biogas, electricity, heat and refrigeration 
production.  

• Estimation of the potential for biogas production and supply of 
organic fertilizers (N, P, K).  

• Estimation of energy service demand for Latin American dairy farms 
(electricity, refrigeration, thermal energy for heating water and gas 
for cooking).  

• Design of biogas-based solutions for the supply of energy services on 
dairy farms, considering farm size and suitable technologies to be 
employed.  

• Energy balance, demand–supply analysis of energy services required 
on dairy farms.  

• Techno-economic evaluation of the proposed biogas-based solutions. 
• Quantification of the potential for CH4, N2O and CO2 emission re

ductions/savings per farm size category and country. For this, step 
guidelines from the Intergovernmental Panel on Climate Change, 
IPCC [25,26] were followed. 

2.1. Dairy cows and farm size structure in the Latin American dairy sector 

Data about the number of dairy cows per country was mainly 
retrieved from the FAOSTAT database [53]. Farm size structure and 
number of dairy cows per farm type were taken from national and in
ternational reports of institutions related to the dairy sector [14]. The 
farm size structure considers the following classification: LT15, less than 
15 dairy cows; 15_50, from 15 to 50 dairy cows; 50_100, from 51 to 100 
dairy cows; 100_500, from 101 to 500 dairy cows; GT500, 501 or more 
dairy cows. Two types of manure management can be considered: “DS” 
refers to solid manure management, which means that manure is 
collected and stored in a “solid” state and in some cases manure is simply 
left in the field; “DL” refers to liquid manure management via irrigation 
and collection in treatment lagoons [54]. In this study “biogas produc
tion” is proposed as a third type of manure management. Table 1 lists the 
countries under investigation, arranged in descending order with 

respect to the number of dairy cows. This data is presented in more 
detail for each farm size category in the Supplementary Material-A. 

2.2. Estimation of the potential for biogas production and fertilizers (N, P 
and K) supply 

Apart from being a GHG, methane is also the main component of 
biogas, which is produced in biodigesters. Biogas contains 50–75% CH4, 
which provides the energy potential of this fuel; the remainder is CO2 
and traces of other compounds [23]. To determine the energy potential 
of biogas on dairy farms, first the annual methane production potential 
per cow is calculated, which depends on the farm size, manure collection 
rate and farm productivity level. An equation to determine this potential 
follows the IPCC guidelines (equation 10.23 in [25]); it is presented and 
explained in the Supplementary Material-B. This potential is defined as 
follows: 

BFs,t : CH4 production potential per cow (Nm3/cow-year) in a farm 
size category “s”, the type of manure management “t” is “biogas 
production”. 

Biogas production in volume per year is determined for each farm 
size category (considering the number of dairy cows) and is valid for 
estimating the total biogas production potential in a country and in all 
Latin American dairy farms. With the biogas potential in volume and an 
energy conversion factor for biogas (assumed to be 6 kWh/Nm3, cor
responding to 60% CH4 and 40% CO2 volume/volume [52]) it is possible 
to determine the biogas potential production in terms of its energy 
content. The volumetric and energetic potential are defined as follows 
and are further explained in the Supplementary Material-B: 

BVs,t: Biogas production potential in volume (millions of Nm3/year), 
per farm size category “s” and the type of manure management “t” is 
“biogas production”. 

BEs,t: Biogas production potential in terms of energy (GWh/year), per 
farm size category “s” and the type of manure management “t” is “biogas 
production”. 

The potential for the recycling and supply of organic fertilizers is 
determined when estimating the amount of nutrients that are contained 
in the bio-slurry (output product of biodigesters), i.e., nitrogen-N, 
phosphorus-P and potassium-K. The content fraction of these nutrients 
(with respect to fresh manure) does not change significantly during the 
bio-digestion process but at the output, these nutrients are mineralized 
[62]. This improves the quality of the digestate when used as fertilizer 
because it makes nutrients more readily available for uptake by crops 
and facilitates the handling of the organic fertilizer. Therefore, this 
organic fertilizer has the potential to replace the use of synthetic fer
tilizers, thereby saving N2O emissions for the case of nitrogen-N. The 
nutrient fractions in fresh manure were found to be 0.85%/0.50% for N 
(for high/low productive farms [25]), 0.08% for P, and 0.22% for K. 
These last two are average values found in Ecuadorian dairy farms [62]. 
The organic fertilizer content is determined by considering these 

Table 1 
Number of dairy cows (year) in Latin American countries.  

Country (or region) Dairy Cows (millions) 

BRAZIL (2017) [13,14,53]  16.852 
CENTRAL AMERICA (2017) [14,53]  5.659 
COLOMBIA (2017) [14,53]  3.291 
MEXICO (2017) [14,53]  2.506 
VENEZUELA (2017) [53]  2.265 
ARGENTINA (2018) [55,56]  1.726 
CARIBBEAN COUNTRIES (2017) [14,53]  1.181 
PERU (2017) [14,57]  0.894 
ECUADOR (2017) [53]  0.856 
URUGUAY (2017) [14,53]  0.767 
CHILE (2017) [53,58]  0.533 
BOLIVIA (2015) [59,60]  0.404 
PARAGUAY (2017) [53,61]  0.218 
Total Dairy Cows in Latin America (millions of dairy cows)  37.152  
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nutrient fractions. It is explained in the Supplementary Material-B and is 
defined as: 

OFN/P/K: Organic fertilizer (N, P or K) potential supply for a farm size 
category, country or for all Latin American dairy farms (kton/year). 

2.3. Estimation of energy service demands on dairy farms 

2.3.1. Electricity, refrigeration and hot water demand 
A literature survey was performed to determine the range of elec

tricity and thermal demand on dairy farms [22,63–68]. Most of the 
studies were performed in developed countries and generally for large 
dairy farms whose characteristics may differ greatly compared to dairy 
farms in Latin America, especially compared to the small farms where 
inefficient resource management is predominant [69]. The energy uti
lization index (EUI) is adopted to quantify the energy (electricity) 
required on dairy farms, and this is given in kWh/cow-year (or kWh/kg 
or liter of milk produced). The EUI or energy demand (ED) on dairy 
farms is dependent on the use of dairy equipment, farm size and type of 
dairy farming, which is usually related to energy management (equip
ment efficiencies and operation strategies). These multiple variables 
cause the EUI to have different values as reported in different studies. 
One study found an average EUI value of 466 kWh/cow-year for 
different sizes of Italian dairy farms [63]. Other research focusing on 
Irish dairy farms showed that farms with less than 100 cows require up 
to 240 kWh/cow-year of electricity, while a farm with more than 100 
cows needed around 170 kWh/cow-year [64,65]. On the other hand, a 
study performed on Iranian dairy farms specifically focuses on dairy 
farms of up to 100 cows, which are the most predominant in that country 
[70] and whose conditions are perhaps more similar to those of Latin 
America. This study found that the need for electricity on the farms is 
approximately 600 kWh/cow-year for a farm with 50 cows, without 
considering the electricity demand that might be required for heating 
water. Similarly, for an Algerian small dairy farm with 26 cows (also 
comparable to small Latin American farms), a EUI of 330 kWh/cow-year 
was found [66,67]. Under the present scenario, reference energy de
mands for electricity and thermal services that are in the range of re
ported values are adopted from a previous study [22]. These energy 
demands (ED) are 380 and 208 kWh/cow-year of electricity, and ac
cording to the trends of the reported demands, it is considered that the 
high value corresponds to farms with up to 100 cows while the low value 
corresponds to farms with more than 100 dairy cows. A fraction of this 
electricity demand is directly used by appliances and equipment (EL, as 
milking machines, pumps and lighting). Additional second and third 
fractions of the electricity demand are used to supply (i) cooling (for 
milk refrigeration) in compressor-driven refrigerators (RE) and (ii) hot 
water using electric water heaters (HW), respectively. Using as a refer
ence the energy demand (ED) per cow, the demands for electricity and 
useful thermal energy for cooling and heating (for heating water) were 
determined (Supplementary Material-C). This is summarized in Table 2. 

The total demand for these energy services in a country or region 
would be the sum of the demands of the different farm sizes (using the 
number of dairy cows in each category, equations in Supplementary 
Material-C). These demands are defined as follows: 

DEL: Demand for useful electricity (equipment and lighting), per 

farm size (GWh/year). 
DRE: Demand for useful cooling for milk refrigeration, per farm size 

(GWh/year). 
DHW: Demand for useful heat for hot water supply, per farm size 

(GWh/year). 

2.3.2. Biogas for cooking 
Two assumptions were made when estimating the demand for biogas 

for cooking by the families that are involved in the farm work within 
each farm size category. First an average number of cows was defined for 
each of the farm size categories: 10, 30, 75, 300 and 1000 cows for farm 
sizes LT15, 15_50, 50_100, 100_500 and GT500, respectively. With this 
and the number of dairy cows in each farm size category, it was possible 
to determine the quantity of dairy farms. The second assumption is 
related to the equivalent number of families that live and/or work in the 
facilities of each type of farm: 1, 2, 3, 5 and 9 families for farm sizes 
LT15, 15_50, 50_100, 100_500 and GT500, respectively. Considering the 
reference labor time required per cow, it is assumed that two people 
from each family work on the farms; these values are actually referential 
and depend on the farm size, whether it is a grazing farm, and the degree 
of mechanization, among other factors [71–73]. The quantity of dairy 
farms, the number of families and a reference cooking fuel demand per 
family (10.8 kWh/day or 1.8 m3/day per five-member family [55]) was 
used to determine the biogas demand for a farm size category (for a 
country or all Latin America). This is explained in more detail in the 
Supplementary Material-C and is defined as: 

BCs: Biogas demand for cooking on a farm of size category “s” (GWh/ 
year). 

2.4. Design of biogas-based solutions, demand and supply of energy 
services 

Three biogas-based solutions are proposed under the concept of 
waste-to-energy, which in turn promotes an efficient, circular economic 
use of resources. The approach of these solutions is represented by the 
graph shown in Fig. 1. The proposed solutions supply the energy services 
demanded by dairy farms together with organic fertilizers (N, P and K 
contained in the bio-slurry), which result from the biogas production 
process. Initially, each biogas-based solution is proposed for a target 
farm size (small, medium and large) considering suitable technologies. 
However, a techno-economic feasibility analysis that considers the 
biogas potential production in each farm size and other economic var
iables will determine whether these solutions are adequate enough to 
allow energy self-sufficiency for a given farm size. 

The application of these solutions will lead to a scenario that will be 
referred to as the “proposed scenario”. On the contrary, the case in 
which none of the solutions is applied will be defined as the “current 
scenario”. 

The proposed solutions consider energy conversion devices and 
equipment whose technical data, efficiencies and costs are presented in 
the Supplementary Material. These devices are used to supply the energy 
services required on dairy farms: electricity, electricity-heat (for the 
combined heat and power – CHP systems), hot water and refrigeration. 
The equations to determine the energy service demands, surplus of en
ergy services and other calculations related to the following solutions 
are also presented in detail in the Supplementary Material-D. 

Solution 1: 
This solution represents the base case that allows for the production 

of biogas from a minimum amount of manure. The target farms of this 
solution are farms with up to 50 cows (farm sizes LT15 and 15_50). This 
solution considers the production of biogas by using low-cost tubular 
biodigesters of the type that have been implemented in many Latin 
American countries for displacing firewood as a cooking fuel 
[49,50,74–77]. According to these practical experiences, the relatively 
low cost of the biodigesters along with their simple installation and 
operation have allowed small farmers to use them without difficulties. 

Table 2 
Demand of useful electricity, cooling and heating per cow.  

Farm size LT15 15_50 50_100 100_500 GT500 

EL: Demand of Electricity, 
(kWh/cow-year)  

152.0  152.0  152.0  83.2  83.2 

RE: Demand of Cooling for 
milk Refrigeration, (kWh/ 
cow-year)  

399.0  399.0  399.0  218.4  218.4 

HW: Demand of Heat for hot 
water supply, (kWh/cow- 
year)  

85.5  85.5  85.5  46.8  46.8  
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This solution cannot cover all energy demands since it only considers 
using biogas as gas for cooking and the supply of hot water (by using 
pots in common stoves fueled by biogas). Despite this, the techno- 
economic evaluation for biogas and electricity supply will determine if 
energy self-sufficiency is possible on these farms; in case of a negative 
result, it is most likely that the provision of electricity and refrigeration 
would still be dependent on conventional solutions. In this case, and if 
individual small farms are close together, surplus biogas has the po
tential to be collected and distributed to centralized facilities for the 
production of electricity and heat that can be used in milk processing 
activities, or for local farm and home heating. An equation to determine 
this surplus is presented in the Supplementary Material-D. Fig. 2 shows 
an illustration of this solution. 

Solution 2: 
This solution is intended for farms with 51 to 100 cows (farm size 

50_100). The production of biogas considers the use of larger tubular 
biodigesters, either single or multiple in a series. Biogas is used to cover 
the demand for gas for cooking and water heating, as in Solution 1. 
However, in this solution the surplus of biogas is used for electricity 
production using internal combustion engines without heat recovery 
units. This electricity powers equipment (including refrigerators) and 
provides lighting. Surplus electricity is expected, which can be used for 
household appliances, the operation of additional equipment for milk 
processing, other productive activity, or be sold to the grid (equation to 
determine surplus electricity is presented in the Supplementary Mate
rial-D). Positive results from the techno-economic evaluation would 
allow these farms to be energy self-sufficient since electricity, refriger
ation, hot water and cooking gas are supplied. This solution is illustrated 
in Fig. 3. 

Solution 3: 
This solution is proposed for farms with more than 100 cows (farm 

size 100_500 and GT500). The production of biogas is carried out in 
larger and sophisticated biodigesters. These biodigesters can be tubular 
(of larger size installed in series), geomembrane biodigesters, covered 
lagoons or any type of biodigester technology suitable for the installa
tion site [77,78]. Biogas is used as cooking fuel and for supplying the 
following services: (i) electricity; covering the demand of equipment and 
lighting; and (ii) thermal energy, which is recovered from the exhaust 
gas of power generators such as internal combustion engines or micro
turbines. This thermal energy is used to cover the demand for hot water 
and drive absorption refrigeration systems (for milk refrigeration). 
These energy solutions are known as Combined Heat and Power (CHP) 
and Combined, Cooling, Heat and Power (CCHP) systems [8,17,79–81]. 
This proposed solution is actually a CCHP, but to simplify, namely 
considering only the products that are supplied in a “first stage” (elec
tricity and heat), it will be considered as a CHP solution. The techno- 
economic feasibility of supplying gas for cooking, electricity, refrigera
tion and hot water would allow these farms to be energy self-sufficient. 
It is also expected that any surplus of electricity and recovered heat 
should be used locally for maintaining an optimal digester temperature, 
thus enhancing its performance, heating farm buildings and dwellings, 
and drying feed. The calculations to determine these energy service 
demands and surpluses are presented in Supplementary Material-D. This 
solution is shown in Fig. 4. 

2.4.1. Technical considerations of the proposed technologies 
All proposed solutions are based on biogas, so the selected technol

ogies should be designed to avoid methane leakages for minimizing fire 
and explosion risks and avoiding unwanted GHG emissions. Small and 
low-cost plastic biodigesters are more vulnerable to such risks [82]. To 
deal with this, improved materials such as PVC or polyethylene geo
membrane are proposed for the biodigesters [77]. Larger biogas systems 

Fig. 1. Illustration of the solutions approach.  

Fig. 2. Solution 1 illustration.  
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can opt for more sophisticated biodigesters, which are less prone to 
leakage but are also more expensive. Apart from the technology itself, 
care in operation and proper maintenance are critical in preventing 
additional leaks or other potential failures [83]. Regarding the biogas 
power generators, various internal combustion engines and micro
turbines are commercially available. Usually, small biogas power gen
erators are unable to operate continuously and require frequent 
maintenance. On the other hand, some microturbines can achieve long 
periods of operation [17,52,84,85]. Operational problems can occur if 
the raw biogas is not properly cleaned. In some applications cleaning 
equipment is required, which increases the cost of the system [23,86]. 
Other equipment such as heat exchangers, for heat recovery, or ab
sorption refrigeration systems that could add complexity to the solution 
also have technical aspects that can result in failures. Based on these 
technical considerations, one way to prevent possible malfunctions of 
the solutions is through adequate technical training and proper opera
tion and maintenance of the equipment [81,82,85]. 

2.4.2. Techno-economic feasibility of the proposed solutions 
The techno-economic feasibility of applying the proposed solutions 

on dairy farms can be verified by determining the production costs of 
biogas and electricity, which are considered as the main resulting energy 
products (although fertilizers are an important product resulting from 
the solutions, their techno-economic analysis is outside the scope of this 
study). For this, the biogas production potential of each farm size 
category, including technical, economical, and operational aspects of 
the equipment, are considered. The indicator selected to determine the 
feasibility of the solutions is the levelized cost of electricity (LCOE). This 
indicator provides the cost of an energy unit throughout the lifetime of 
the project. In other words, the sum of the annual costs of investment 
capital, operation, maintenance, and fuel, among others, are divided by 
the energy supplied (electricity) by the system over the project’s lifetime 
[87–89] (Equation (1)). By analogy, this indicator is proposed for 
determining the levelized cost of biogas (LCOB), where the energy 
supplied is the biogas in terms of its energy content [17,52]. Both 
levelized costs have units in USD (or USD cents) per kWh. The param
eters and variables required for calculating this indicator are presented 
in Table 5 of the Supplementary Material. 

LCOE =
Total lifetime cost of the project

Total lifetime useful electricity supplied
(USD/kWh) (1) 

The multiple parameters (technical and economic) used to determine 
the LCOE or LCOB have a degree of uncertainty that results from the 
diversity of existing market scenarios in Latin American countries, 
where the costs of technologies, labor, and subsidies, among others, may 
differ from country to country. Uncertainties also apply to some tech
nical parameters of the technologies involved. In order to deal with these 
uncertainties, a valid probabilistic method is the Monte Carlo method 
[87,89–91], which in this study is applied to determine the LCOE and 
LCOB. The method consists of selecting random values of key variables 
(from a set variation range) and performs multiple iterations that 
generate multiple results (10,000 iterations in this study). These results 
are then presented in a set where the probabilities of occurrence of the 
resulting values can be observed. From there, the most probable and 
representative values of the results are determined. The parameters and 
their variation ranges are presented in detail in the Supplementary 
Material-G. Finally, the results of LCOE and LCOB are compared with 
reference prices of electricity, NG and LPG in the Latin American region 
to see if they have the potential to be competitive. The investment 
capital for producing biogas and electricity is also presented. 

2.5. GHG emission reductions 

2.5.1. Manure management: CH4 and N2O emission reductions 
Methane and nitrous oxide emissions are generated to a greater or 

lesser extent depending on the anaerobic conditions given by the type of 
manure management system on dairy farms. This type of manure 
management can be solid (stacking the manure in open or closed 
spaces), liquid (in open or covered lagoons); and the manure can be left 
in grazing fields and or used for biogas production. In section 2.1, the 
current manure management systems on Latin American dairy farms 
were defined as solid (DS) and liquid (DL), which mostly depends on the 
farm size category. On the other hand, biogas production, as a manure 
management system, is the basis of the proposed energy solutions. 

The potential for annual reductions of methane emissions on dairy 
farms in Latin America is the difference between the emissions 

Fig. 3. Solution 2 illustration.  

Fig. 4. Solution 3 illustration.  
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generated in the current scenario, i.e., when no solutions are applied, 
and the emissions generated in the proposed scenario, i.e., when novel 
solutions are applied. In this case, the production and utilization of 
biogas is considered as the main control strategy for methane emission 
reduction. For this, the activity data is required, which is the number of 
dairy cows and an emission factor of methane, which in turn depends on 
the type of manure management on the farms, given in kg CH4/cow- 
year, and the fraction of manure that is handled and intensity of farming. 
There are CH4 emission factors for each farm size category both in the 
current scenario and in the proposed scenario; they were determined 
following the IPCC guidelines [25]. The equations for calculating CH4 
emissions in both scenarios and for determining the potential reductions 
are presented in the Supplementary Material-E. The potential for 
methane emission reduction is defined as follows: 

ECH4: Total CH4 emission reduction (kton CH4/year). 
Nitrous oxide emission reductions are calculated similarly to 

methane, which is the current emissions minus the emissions that would 
result in the proposed scenario. These emissions also depend on the 
manure management type carried out on the farms. As with methane, 
there are emission factors (for both scenarios) for each farm size cate
gory. The selection, the values of these N2O emission factors and the 
equations to determine these emissions follow the IPCC guidelines [25] 
and are presented in the Supplementary Material-E. The potential for 
nitrous oxide emission reduction is defined as follows: 

EN2O: Total N2O emission reduction (kton N2O/year). 
The carbon dioxide equivalent (CO2e) emissions of either CH4 or N2O 

(ECO2e CH4/ECO2e N2O) are determined by multiplying these emissions by 
their corresponding global warming potential (GWP), whose values (for 
the 100-year time horizon) are 28 for CH4 and 265 for N2O [92]. 

2.5.2. Manure/organic fertilizer’s (bio-slurry) application to soil: N2O 
emission reductions 

Both manure handled in a solid/liquid state or the bio-slurry that 
results from the production of biogas (using manure) will end up in the 
soil as fertilizer, along with the manure remains left in the grazing fields. 
The nitrogen (N) contained in this organic matter, which is added to the 
soil, will produce the nitrous oxide (N2O) that results from aerobic and 
anaerobic microbial processes (nitrification and denitrification). In this 
case, a main controlling factor to determine the amount of (direct) N2O 
emissions is the quantity of N added to the soil. These emissions, for the 
current and proposed scenario, are calculated considering that the 
amount of N applied to the soil (as manure or bio-slurry) is the same as 
that contained in fresh manure [62]. Therefore, the units of N2O emis
sion factor are kg of N2O per kg of N applied to the soil. The reduction of 
N2O emissions due to soil application will be referred as EN2O SA while its 
CO2 equivalent emissions are labeled as ECO2e N2O SA. These emission 
factors are dependent on the type of nitrogen that is applied to the soil. 
These calculations follow the IPCC guidelines [25] and are presented in 
more detail in the Supplementary Material-E. 

2.5.3. Direct use of energy services: Carbon dioxide (CO2) emission 
reductions 

The reduction of CO2 emissions related to energy occurs when con
ventional energy services (electricity, refrigeration and hot water) are 
replaced by energy services supplied by the biogas-based solutions. The 
combustion of biogas in these solutions also generate CO2 emissions; 
however, these emissions are biogenic and their impact on climate is 
considered neutral [93]. 

To determine the amount of these emission savings, it is assumed 
that the current demand for electricity and refrigeration (produced in 
electric refrigerators) by the farms is supplied by using the power grid in 
all Latin American countries. For this, an aggregate CO2 emission factor 
(efCO2 el) for the power system of each country is required. This aggre
gate CO2 emission factor is dependent on the type of electricity gener
ation (a higher use of fossil fuels for power generation will result in a 
higher emission production rate); therefore, this factor can be different 

in each country. The emission factors for each country are presented in 
section E of the Supplementary Material. Equation (2) is proposed to 
determine the CO2 emissions that are avoided by displacing the use of 
conventional electricity. This equation is valid for solutions that supply 
electricity. 

ECO2 el = Current demand for electricity*ef CO2 el (2)  

where: 

ECO2 el: CO2 emissions avoided (electricity) per farm size category 
(kton/year). 
efCO2 el: CO2 emission factor of the power system (kton/GWh). 

Similarly, it is assumed that the current demand for cooking gas and 
heating water on farms is met by using LPG or NG (depending on the 
predominant fossil fuel used in each country). Equation (3) determines 
the CO2 emissions that are avoided when the biogas solutions are 
applied, and the energy equivalent of fossil fuels that are (currently) 
used to supply gas for cooking and for heating water is multiplied by the 
CO2 emission factor of those fuels. 

ECO2 th = Current demand for cooking gas and heating*ef CO2 th (3)  

where: 

ECO2 th: CO2 emissions avoided (thermal) per farm size category 
(kton/year). 
efCO2 th: CO2 emission factor of LPG or NG (kton/GWh). 

The total CO2 emissions that are avoided/saved due to the applica
tion of the proposed biogas-based solutions in the proposed scenario are 
determined with Equation (4). 

ECO2 = ECO2 el +ECO2 th (4)  

2.5.4. Use of surplus energy services: CO2 emission reductions 
Additional reductions of CO2 emissions can be achieved when 

considering the potential uses of the surplus energy services (either in
side or outside the farms) that are available from the solutions. The sale 
of these surpluses may be considered in some cases. 

The surplus services available from the solutions are biogas, heat and 
electricity. In the case of biogas and heat, it is assumed that they will 
replace services that are supplied by using the predominant fossil fuel in 
each country (Table 4 in the Supplementary Material). In this case, the 
energy equivalence of these surpluses are multiplied by the CO2 emis
sion factor of the country’s predominant fossil fuel, allowing the 
determination of the emission reductions. Equation (5) applied to so
lution 1 (with biogas surplus), and Equation (6) applied to solution 3 
(with recovered heat surplus), determine these reductions. The CO2 
emissions that are saved when using the electricity surplus are deter
mined with Equation (7) and valid only for the solutions with a surplus 
of electricity. This reduction is calculated by multiplying the surplus 
electricity (from solutions 2 and 3) by the aggregate CO2 emission factor 
of the power system (Table 4 in the Supplementary Material). The total 
additional reduction of CO2 emissions when using the surplus services is 
determined by using Equation (8). 

ECO2 sb = Surplus of biogas*ef CO2 th (5)  

ECO2 sh = Surplus of recovered heat*efCO2 th (6)  

ECO2 se = Surplus of electricity*ef CO2 el (7)  

ECO2 ss = ECO2 sb +ECO2 sh +ECO2 se (8)  

where: 
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ECO2 s : Additional reduced CO2 emissions (kton/year) as related to 
the use of surpluses: sb, biogas; sh, heat; se, electricity; and ss, sum of 
surplus services. 

2.5.5. Total potential for GHG emission reductions 
The total emission reductions, considering CH4, N2O and CO2 

emissions, can be determined per farm size category, per country (the 
emissions of all the farm size categories of the country are counted) and 
for all Latin America. The reductions that can be achieved when 
applying the proposed solutions (i.e., producing and utilizing biogas to 
supply energy services on farms, and using bio-slurry as fertilizer) is 
determined, in kton of CO2 eq./year, by using Equation (9). 

ECO2e tot = ECO2e CH4 +ECO2e N2O +ECO2e N2O SA +ECO2 +ECO2 ss (9)  

2.5.6. Other GHG emission savings related to the production and use of 
synthetic fertilizers 

A widespread use of organic fertilizers (N, P, K and other recycled 
nutrients contained in the bio-slurry) can allow for additional savings of 
CO2 emissions. In that case, CO2 emissions related to the production of 
synthetic fertilizers would be avoided. On the other hand, using organic 
nitrogen (N) instead of synthetic nitrogen would also reduce nitrous 
oxide emissions. Determination of the avoided CO2 emissions by the use 
of organic fertilizers considers the amount of the nutrient content, i.e., 
nitrogen-N, phosphorus-P or potassium-K along with the emission factor 
for the (synthetic) production of each. Thus, it is possible to determine 
the total CO2 emission savings (kton/year) when displacing synthetic 
fertilizer usage, assuming that they will not be produced. On the other 
hand, the use of organic nitrogen in the soil tends to produce lower N2O 
emissions than those produced when using synthetic nitrogen. The 
equivalent N2O emission savings (kton/year) are the difference between 
the N2O emissions that would be emitted using synthetic nitrogen minus 
the emissions produced using organic nitrogen. Equations for deter
mining these additional savings of CO2 emissions related to the 
displacement of synthetic fertilizers used are presented in the Supple
mentary Material-E. 

3. Results 

3.1. The potential for biogas production and organic fertilizer (N, P and 
K) supply 

The energy potential for the biogas production of the different dairy 
farm sizes is presented in the reference graph of Fig. 5. This biogas po
tential is compared to the biogas (in terms of its energy value) required 
for cooking plus the biogas that would be required if the energy demands 
of the farms (electricity, cooling and hot water) were met by using 

electricity produced in biogas-based power plants (without heat recov
ery). For this latter plant, an electric efficiency of 0.37 (37% of biogas 
energy content is converted into electricity [80,81,85]) is considered. 

It is observed (Fig. 5) that only for LT15 farms is the biogas required 
for covering their energy service demand slightly higher than their 
biogas production potential. This is due to (i) the conditions for biogas 
production (daily cow’s excretion rate, fraction of manure collected for 
low productivity farms) and, mainly, (ii) the energy management in 
small farms where dairy cows demand more energy per capita than in 
larger farms. For small farms (15_50), the potential for biogas produc
tion is able to cover demand, while in medium (50_100) and large farms 
(100_500 and GT500), the potential production of biogas is much higher 
than the biogas required to meet all their energy demands. 

Figure 5 also shows that the total biogas production potential (in 
terms of energy) of the dairy farms in Latin America is around 81 TWh/ 
year, while 40 TWh/year of it would be required to meet their energy 
service demands under the conditions mentioned in the preceding 
paragraph. Thus, around 50% of the biogas production potential is 
sufficient to meet the energy demands on dairy farms. As mentioned 
previously, for this comparison, most of the energy services are covered 
by using electricity produced with biogas. However, a more energy- 
efficient way of using this biogas could be the application of CHP sys
tems that can allow for covering the thermal energy demands (with heat 
recovered from exhaust gas from power generators). In that case, the 
biogas required to meet the energy service demands could reduce even 
more, allowing for a surplus of biogas available for other purposes. 

Table 3 shows the estimation of biogas production potential, the 
organic fertilizer (N, P, and K) supply for different farm sizes (it con
siders the average number of dairy cows per farm size, section 2.3.2) and 
the potential for all Latin American dairy farms. From these results, it is 
seen that the potential to supply either biogas or fertilizers is directly 
proportional to the size of the farm. On the other hand, the total pro
duction on Latin American dairy farms shows that the highest produc
tion potential for biogas and fertilizers is found on small (LT15) and 
medium-sized (50_100) farms. 52% of the total biogas in Latin Amer
ica can be supplied by these farms. 

Figure 5 shows that, theoretically, the biogas produced in Latin 
America could be sufficient to cover the energy service demands of all 
dairy farms of this region, and the lower bar in the figure is thus a 
reference that mainly serves to visualize the magnitude of the biogas 
production potential. In reality, the energy self-sufficiency of the dairy 
farms depends not only on the availability of the energy resource used to 
cover the energy demands (in this case biogas produced with organic 
waste), but also the real possibility of implementing the proposed 
biogas-based solutions. This will be determined with a techno-economic 
evaluation of the biogas-based solutions, including, for this, an energy 

Fig. 5. Biogas production potential and biogas demand for supplying energy services on dairy farms of Latin America per farm size category.  
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balance through a demand–supply analysis of the energy services. This is 
presented for the different farm size categories in the next section. 

3.2. Energy balance: Demand – Supply analysis of energy services 

Figures 6 and 7 show the demand for energy services (left side of the 
graphs) existing on individual dairy farms1 (considering an average 
number of dairy cows for each farm size, section 2.3.2) for each of the 
farm size categories, as well as the energy services supplied (right side) 
by the proposed solutions. There is a potential for energy self-sufficiency 
on a farm when the supply of energy services (right side) is equal to or 
greater than the demand for services (left side). 

Solution 1 proposed for small farms (LT15 and 15_50) involves the 
production of biogas to be used for cooking and water heating. Elec
tricity and refrigeration services are not supplied as can be seen in Fig. 6; 
however, the results of the techno-economic evaluation will show 
whether it is feasible to also supply electricity; meanwhile, these farms 
still depend on conventional energy services. On the other hand, a sur
plus of biogas is available (marked in the graph) which is 7.6 and 26.7 
MWh/year for LT15 and 15_50 farm sizes, respectively. 

Figure 6 also shows the demand and supply of energy services for 
typical medium-sized farms (50_100) where solution 2 is applied. In this 
case, all the energy services have the potential to be covered. Biogas is 
used for cooking, water heating and electricity production. This elec
tricity covers the demand for refrigeration, equipment and lighting of 
the farms. The energy self-sufficiency of these farms will be confirmed 
with favorable results by the techno-economic evaluation. In addition, 
on these farms, there is a surplus of electricity, around 72 MWh/year. 

Figure 7 shows that the demand for all energy services are covered 
when solution 3 is applied on large farms (100_500 with DS/DL manure 
management, and GT500 with DL). In this case, biogas is used to meet 
the demand for cooking, while the remaining biogas is used in combined 
energy systems. As described previously, this combined solution is able 
to supply, simultaneously, electricity, refrigeration and hot water. A 
positive result of the techno-economic evaluation of this solution will 
allow energy self-sufficiency on these farms. In addition, there are sur
pluses of (i) electricity that reaches 262, 297 and 998 MWh/year for 
farms of 100_500 (DS), 100_500 (DL) and GT500 (DL), respectively, as 
well as (ii) heat that can be recovered, about 314, 366 and 1234 MWh/ 
year for each farm size category, respectively. 

Solutions 2 and 3 applied to medium and large farms allow not only 
the potential for the energy self-sufficiency of the farms, but also opens 
the possibility of involving dairy farms in the energy market when it 
comes to the sale of surplus energy services (biogas and electricity) if 

they are competitive. Although solution 1 only considers covering the 
demand for cooking gas and hot water, it is the techno-economic 
assessment that will determine if energy self-sufficiency (or electricity 
production) is still possible in small farms; if not, exploring potential 
uses for the surplus biogas is necessary. Global results of this analysis for 
all Latin American dairy farms are presented in the Supplementary 
Material-F. 

3.3. Techno-economic feasibility assessment of the proposed solutions: 
Results 

The techno-economic evaluation has focused on determining the cost 
of producing biogas (LCOB) and electricity (LCOE) to verify the feasi
bility of the proposed solutions. The results of this evaluation are shown 
in Figs. 8 and 9. The LCOE and LCOB presented in these graphs are 
average values that result from applying the Monte Carlo method (for 
each value represented in a bar, 10,000 iterations were performed). It is 
also shown (with error bars) what the variation is between the maximum 
and minimum values that were obtained from the iterations. These re
sults show the most probable and approximate prices of producing 
biogas and electricity for the different farm sizes when considering the 
variability of various techno-economic assumptions. Additionally, the 
results are presented to compare the effect of different discount rates on 
the LCOB and LCOE, with reference prices of LPG, NG and electricity in 
the Latin American region provided by the World Bank [94] and the 
Inter-American Development Bank [95]. 

As mentioned previously, LCOB and LCOE have been calculated 
considering the uncertainties generated by the variability of certain 
parameters such as the installation cost of a biodigester per m3 (of liquid 
volume), the capital cost of a power generator per kWe installed, the cost 
of the manure required for biogas production, the cost of biogas required 
for electricity production, operation and maintenance costs, as well as 
the project’s lifetime, the escalation factor, and the capacity factor (for 
the biodigester and power generator). From these parameters, one that 
should be approached carefully is the manure cost, which is the main 
resource for biogas production. Usually, this residue is not considered to 
be of high monetary value and is generally used only as fertilizer. It is 
possible that using this manure for biogas production can generate an 
expectation of higher monetary value; therefore, its variability has to be 
taken into account. Similarly, the operation and maintenance costs that 
are also related to the labor cost (for those who are going to operate 
these solutions) can vary greatly from country to country. The mean 
values of these parameters and their variation ranges were found in the 
literature (or provided by the authors’ own experience), and they are 
presented in detail in the Supplementary Material-G. It should be noted 
that, to determine the LCOE, the LCOB was first determined, since 
biogas is the inlet fuel for the production of electricity, thus its annual 
cost has to be considered. 

In Fig. 8, for a discount rate of 6 %, the LCOB varies from 1.7 to 3.7 

Table 3 
Biogas production and fertilizer (NPK) supply potential on Latin American dairy farms.  

Farm size Production per individual farm Total Production on Latin American farms 

Biogas produced 
MWh/year 

Nitrogen, N 
ton/year 

Phosphorus, P 
ton/year 

Potassium, K 
ton/year 

Biogas produced 
TWh/year 

Nitrogen, N 
kton/year 

Phosphorus, P 
kton/year 

Potassium, K 
kton/year 

LT15 (DS  13.10  0.41  0.06  0.17  17.80  555.68  88.06  236.67 
15_50 (DS)  39.30  1.23  0.19  0.52  9.79  305.53  48.42  130.13 
50_100 

(DS)  
229.90  6.57  0.62  1.66  23.99  685.54  64.27  172.72 

100_500 
(DS)  

977.06  27.92  2.62  7.04  10.05  287.27  26.93  72.38 

100_500 
(DL)  

1,092.01  31.21  2.93  7.86  11.23  321.06  30.10  80.89 

GT500 
(DL)  

3,640.04  104.03  9.75  26.21  7.60  217.09  20.35  54.70 

Total  80.47  2,372.16  278.14  747.50  

1 Showing results for individual farms (of different sizes), instead of showing 
global results, would be useful to get an idea of the magnitude of the 
demand–supply of energy services on these farms. 
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USD cents/kWh. The lower value corresponds to large dairy farms 
(GT500) and the higher small farms (LT15). The feasibility of producing 
biogas can be confirmed by comparing the LCOB with the prices of 
equivalent conventional fuels in Latin America. These fuels are LPG and 
NG, and although their prices are highly fluctuating and vary from 
country to country, reference values are used for the comparison. These 
average prices for the entire Latin American region were found to be 9.4 
and 3.8 USD cents/kWh for LPG and NG, respectively [95]. From Fig. 8, 
it can also be concluded that applying the proposed Solution 1 in small 
farms (LT15 and 15_50) is feasible (for a discount rate of 6%) since the 
cost of producing biogas is lower than the reference NG price and much 
lower than the LPG price. For higher discount rates (9 and 12%), the 
LCOB of small farms (LT15) tends to exceed the NG price but is still 
lower than the LPG price. In the rest of the farms, producing biogas 
seems to be highly competitive and has the potential to be used for the 
supply of other energy services. However, this analysis should be done 
for each country, since there are countries that apply subsidies for fossil 
fuels, which can make biogas production less attractive and competitive 
in their markets. 

Solution 1 (presented in Section 2.4) was proposed for small farms 
(LT15 and 15_50) without considering the production of electricity. 
Despite this, the cost of producing electricity (LCOE) has been deter
mined for all farm sizes; these results are shown in Fig. 9. It is observed 
that producing electricity on small farms (LT15) is technically feasible 
but not economically viable, since its LCOE exceeds the reference price 

of electricity in the region, therefore it is verified that solution 1 is 
adequate for these farms (however, from the previous section, these 
farms have surplus biogas that can be used). This high cost is mainly due 
to the higher costs related to the technology (economy of scale); for 
example, power generators of a minimum capacity have to be installed 
and generally at a higher installation cost (per kWe) than larger gener
ators. Operation and maintenance costs may also be higher, since spare 
part costs and the labor costs of technicians in case of failures are high in 
comparison to the overall cost of such a small power system. Surpris
ingly, it was found that on small farms (15_50), electricity production is 
economically viable, and as in the rest of the farms, the price of pro
ducing electricity (LCOE) is lower than the reference prices, even for 
higher discount rates. From here it can be deduced that solution 2 can be 
applied not only to farms (50_100) but also to small farms (15_50); in 
this way, solution 2 applied to this range of farms would allow for their 
energy self-sufficiency. 

Regarding solution 3, which is proposed to be applied to large farms 
(100_500 DS/DL and GT500 DL), it can be seen that producing elec
tricity is economically viable. Therefore, it is assumed that a CHP system 
that recovers heat (which has no cost) from the combustion gas will 
allow the production of refrigeration in a feasible way. Otherwise, 
electricity can be used for refrigeration systems (same as in solution 2). 
In any case, energy self-sufficiency in large farms is also guaranteed with 
the results of this techno-economic evaluation. 

The most representative LCOE, in Fig. 9 and for a discount rate of 6%, 

Fig. 6. Demand – supply of energy services for farm size categories LT15, 15_50 and 50_100.  
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ranges from 6 to 12 USD cents/kWh (excluding LCOE of LT15 farms). 
This shows that it is feasible to produce electricity in most of the dairy 
farms since their LCOE are lower than the reference prices of electricity 
in Latin America. These reference prices were found to be 21 USD cents/ 
kWh (median value, year 2019 [96]) and 17 USD cents/kWh (average 
value, year 2014 [95]). However, as in the hydrocarbon’s case, several 
Latin American countries provide subsidies to electricity services (either 
directly by lowering prices for target users, or indirectly, when subsi
dizing the price of NG for power plants). This can make producing 
electricity less competitive [95,97]. For this reason, this analysis should 
be done at the level of each country, considering its own market 
conditions. 

It was found that the investment capital required for farm sizes LT15, 
15_50, 50_100, 100_500 (DS), 100_500 (DL) and GT500 (with an average 
number of cows of 10, 30, 75, 300, 300 and 1,000, respectively) is 2,383; 
4,222; 18,798; 59,887; 66,824 and around 198,677 USD for biogas 
production and around 900; 984; 6,960; 18,445; 20,535 and 27,540 
USD for electricity production, respectively. Although it was found that 
the production of electricity in small farms (LT15) is not economically 
viable, the investment cost of the power generator is presented, which 

can be useful in some cases. The detailed results of applying the Monte 
Carlo method for LCOB and LCOE (average, maximum and minimum 
values), and the main characteristics (sizes) of the biodigesters and 
power generators, are presented in Supplementary Material-G. 

Another important product that results from the solutions are the 
mineralized organic fertilizers (N, P, and K). Their availability has the 
potential to reduce the use of expensive artificial fertilizers. Therefore, 
dairy farmers are expected to save money or, if they sell the fertilizers, 
they can earn extra income, thus contributing to the economic feasibility 
of the solutions. 

From these techno-economic results it can be concluded that the 
proposed solutions are adequate for all dairy farms in Latin America. The 
production of biogas and electricity is feasible in most of the farms, 
allowing for energy self-sufficiency. Solution 2, initially proposed only 
for medium-sized farms 50_100, can also be applied to small dairy farms 
15_50 allowing for their energy self-sufficiency. In this case, from a 
techno-economic point of view, it is concluded that energy self- 
sufficiency is possible on around 22% of Latin American dairy farms. 
The rest of the individual small farms (LT15) can produce biogas in a 
feasible way, but not electricity (and the rest of the energy services), and 

Fig. 7. Demand – supply of energy services for farm size categories 100_500 and GT500.  
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accordingly, the potential use of the surplus biogas that results from 
these farms is discussed in the following paragraphs. 

3.3.1. Energy services surpluses and their potential use 
It was found that the application of the proposed solutions allows 

having surpluses of energy services, namely biogas (solution 1), elec
tricity (solution 2 and 3) and surplus heat (solution 3), which have the 
potential to be used in many applications inside or outside the dairy 
farms. 

For example, on small dairy farms where solution 1 is applied, the 
surplus biogas can be used either on each of the farms (individual sys
tems for heating, cooking, drying, etc.) or for implementing centralized 

polygeneration plants (considering existing organizations for milk 
cooling centers). This could include the supply of additional energy 
services, such as electricity, refrigeration and organic fertilizers required 
by associations of small dairy farmers [17]. In this case, the proximity 
between farms is an important factor to consider, as this will determine 
if it is more effective (techno-economically viable) to produce biogas on 
each small farm and then centralize the biogas surplus (through pipes) at 
a point where a polygeneration plant can be set. An alternative would be 
to collect (and centralize) the cows’ manure for producing biogas, as it 
can then be used in the plant and the surplus can be distributed to the 
farms as cooking gas. 

The surpluses of electricity that come from the application of 

Fig. 8. Levelized cost of biogas (LCOB) for different farm sizes, LPG and NG prices.  

Fig. 9. Levelized cost of electricity (LCOE) for different farm sizes and reference electricity prices.  
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solution 2 and 3 in medium and large-sized farms have the potential to 
cover additional power demands in the farms or be sold to potential 
customers, including the nearby power grid company. The surplus of 
heat that results from the application of solution 3 on large farms can be 
used for heating biodigesters, which would improve the anaerobic 
process by allowing for a higher yield of biogas production, water/air 
heating for domestic purposes, heating for cows’ stables and energy for 
drying systems. 

An additional benefit of using these surpluses will be the contribu
tion to a further reduction of GHG emissions since the need of conven
tional energy services can be reduced or avoided. 

3.4. GHG emission reductions/savings due to the application of the 
proposed solutions 

Table 4 presents the GHG emissions (in CO2 eq.) that can be reduced/ 
saved when applying the proposed biogas solutions. For this, methane 
(CH4) and nitrous oxide (N2O) from manure management, nitrous oxide 
(N2O) from manure/bio-slurry applied to the soil, and carbon dioxide 
(CO2) from the direct use of energy services and the use of surplus en
ergy services are considered. The results are presented for each farm size 
category (individual farms) where any of the solutions are applied. Total 
reductions per farm size category, per solution, and for all dairy farms in 
Latin America are also shown. 

Table 4 shows that CH4 emissions that come from manure manage
ment (MM) are reduced to a lesser extent on farms with solid manure 
management (DS), while in large farms with liquid manure management 
(DL) this reduction is much higher (% reduction last column). It can be 
seen, for example, when solution 1 is applied to LT15 farms (DS), the 
CH4 emission reductions from manure management are only 11% (last 
column), while solution 3 applied to 100_500 farms (DL) produce a 
reduction of 88% of the CH4 emissions. This happens since, in the 
“current scenario”, liquid manure management on large farms allows for 
anaerobic conditions that promote the generation of CH4. Therefore, 
CH4 captured through biogas production on these large farms allows for 
a higher impact of these reductions. The opposite occurs with N2O from 
manure management; although the difference is not that high, solid 
manure management has higher emission factors than liquid manage
ment, resulting in higher reductions. 

Regarding N2O emissions, which comes from manure/bio-slurry 
application to the soil (MSA), the application of manure as a fertilizer 
(considering its nitrogen content) will produce the same N2O emissions 
as when applying bio-slurry (according to the emission factors). How
ever, the solutions propose a higher fraction of manure collection for 
biogas production than in the “current scenario”. It does not affect farms 
with DS since manure (left on grazing fields and stocked in open spaces) 
and bio-slurry from biodigesters have the same N2O emission factor, 
thus these farms do not have emission reductions. On large farms with 
DL systems, there is a fraction of manure that remains inside the stables 
without producing N2O emissions (assuming there is no direct interac
tion with soil); this occurs in the “current scenario”. In this case, biogas 
production (as part of the solution) would result in less manure 
remaining inside the stables; instead, there would be more bio-slurry for 
soil application. Therefore, N2O emissions related to DL farms would 
slightly increase in the proposed scenario (Table 4). Finally, it is 
important to mention that bio-slurry (from biodigesters) provides 
mineralized nitrogen (that improves the soil), making this nutrient easy 
for uptake by plants. 

CO2 emissions are saved (Table 4) due to the direct use of biogas- 
based energy services (DEU). This occurs when LPG or NG (generally 
used for cooking and heating water) is replaced by biogas and when 
electricity from biogas-based solutions replace the need of electricity 
that comes from conventional power systems. Electricity production is 
only considered on medium and large farms where solutions 2 and 3 
allow for supplying this service. 

The use of the surplus energy services (SEU) – electricity, biogas and 

heat – allows for a higher displacement of the use of conventional so
lutions (fossil fuels used for cooking and heating, and electricity from 
the grid) and, consequently, avoids their associated CO2 emissions. The 
CO2 emissions that would be saved if surplus services were used are (i) 
biogas (solution 1) on small farms, (ii) electricity (solution 2) on 
medium-sized farms, and (iii) electricity and heat (solution 3) on large 
farms, as presented in Table 4. These surplus energy services have the 
potential to be used inside or outside the farms to meet various addi
tional energy-related demands apart from those required specifically on 
dairy farms. This would allow an additional emission savings that, in 
cases such as 100_500 farms (DS), will make the total emission re
ductions even higher than the emissions generated in the current sce
nario. This is actually due to the energy potential of biogas, which allows 
for surplus energy services. The use of these surpluses contributes 
greatly to the reduction of GHG emissions. 

As expected, the reductions/savings in GHG emissions on dairy farms 
are linked to the size of the farms; larger farms have the potential for 
larger emission reductions. In the Latin American context, the GHG 
emission reduction potential is 32.8 Mton of CO2 eq. per year. Solution 
3, applied to large farms, contributes to 60% of this reduction while 
solution 1, applied to small farms, and solution 2, applied to medium- 
size farms, contributes to 27% and 13%, respectively. When looking at 
the GHG emissions of the current scenario, it is observed that the 
application of these solutions (proposed scenario) would contribute, in 
total, to reducing 88% of the current scenario emissions. This high 
reduction does not yet consider additional emission reductions that can 
be achieved due to the displacement of the use of synthetic fertilizers 
that would be replaced by the massive use of organic fertilizers (supplied 
by the proposed solutions). Thus, from a broad perspective, these solu
tions can be considered a highly effective alternative for GHG emission 
reductions. 

The results presented in Table 4 show the potential of GHG emission 
reductions when the biogas solutions – initially proposed under certain 
assumptions – are applied to dairy farms. However, from the techno- 
economic evaluation, it has been concluded that solution 2 can also be 
applied to small farms of 15_50. This means that electricity can be 
produced on these farms, and therefore in the “proposed scenario” for all 
farms of 15_50 (Table 4), the GHG emissions due to the use of conven
tional electricity (DEU) changes from 0.53 to zero Mton CO2 eq. per 
year. Instead of having a surplus of biogas, there will be a surplus of 
electricity (SEU), whose use will allow emission reductions of 1.46 Mton 
CO2 eq./year. These changes partially modify the global results that 
were presented in the previous paragraph; the proportion of GHG 
emission reductions due to the application of solution 1 change from 
27% to 18%; solution 2 change from 13% to 20%; while solution 3 
change from 60% to 62%. When looking at the total potential for GHG 
emission reductions, applying solution 2 to small farms of 15_50 will 
produce a slight decrease on the total reductions but an increment on the 
number of dairy farms where energy self-sufficiency is possible. These 
emission reductions will change from 32.8 to 31.9 Mton CO2 eq. per 
year. Although it is not a significant change, these results are especially 
relevant since they show the economic potential of reducing GHG 
emissions on Latin American dairy farms. 

3.5. GHG emission savings related to the replacement of synthetic 
fertilizers by organic fertilizers (recycled nutrients) 

As mentioned in Section 2.5.6, if the use of organic fertilizer (bio- 
slurry), with its nutrients, nitrogen-N, phosphorus-P and potassium-K, is 
highly extended and prioritized over the use of synthetic fertilizers, then 
the production of those would be avoided. The CO2 emissions that would 
be avoided by stopping production of these synthetic nutrients would 
reach up to 6.6, 0.21 and 0.26 Mton of CO2/year for N, P, and K, 
respectively. The total potential of these savings would be 7.1 Mton of 
CO2/year (from using Equations 37 and 38 in the Supplementary Ma
terial-E). On the other hand, the CO2 eq. emissions of N2O generated 
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Table 4 
GHG emission reductions due to the application of biogas solutions on dairy farms.   

Per individual farm, ton CO2 eq./year On all dairy farms, Mton CO2 eq./year %   

Source Emissions Current 
scenario 

Proposed 
scenario 

Reduction Current 
scenario 

Proposed 
scenario 

Reduction 

SOLUTION 1 LT15 (DS) MM* CO2 eq. (CH4)  0.85 0.75 0.09  1.15 1.02 0.13  11.1 
CO2 eq. (N2O)  1.28 0.10 1.17  1.74 0.14 1.60  92.0 

MSA* CO2 eq. (N2O)  1.28 1.28 0  1.74 1.74 0  0.0 
DEU* CO2 (LPG/ 

NG)  
1.22 0 1.22  1.66 0 1.66  100.0 

CO2 (Elect.)  0.56 0.56 0  0.76 0.76 0  0.0 
SEU* CO2 (LPG/ 

NG)   
1.68   2.28  0.0 

CO2 (Elect.)        0.0 
Total   5.18 2.69 4.17  7.05 3.66 5.67  80.5 

15_50 (DS) MM CO2 eq. (CH4)  2.54 2.25 0.28  0.63 0.56 0.07  11.1 
CO2 eq. (N2O)  3.83 0.31 3.52  0.95 0.08 0.88  92.0 

MSA CO2 eq. (N2O)  3.83 3.83 0  0.95 0.95 0  0.0 
DEU CO2 (LPG/ 

NG)  
2.81 0 2.81  0.70 0 0.70  100.0 

CO2 (Elect.)  2.13 2.13 0  0.53 0.53 0  0.0 
SEU CO2 (LPG/ 

NG)   
5.92   1.48  0.0 

CO2 (Elect.)        0.0 
Total   15.14 8.52 12.54  3.77 2.12 3.12  82.8 

Total Solution 1    10.82 5.78  8.79 81.3  

SOLUTION 2 50_100 (DS) MM CO2 eq. (CH4)  14.14 12.84 1.30  1.48 1.34 0.14  9.2 
CO2 eq. (N2O)  20.52 1.64 18.88  2.14 0.17 1.97  92.0 

MSA CO2 eq. (N2O)  20.52 20.52 0  2.14 2.14 0  0.0 
DEU CO2 (LPG/ 

NG)  
4.12 0 4.12  0.43  0.43  100.0 

CO2 (Elect.)  2.46 0 2.46  0.26  0.26  100.0 
SEU CO2 (LPG/ 

NG)        
0.0 

CO2 (Elect.)   14.01   1.46  0.0 
Total   61.76 35.00 40.77  6.44 3.65 4.25  66.0 

Total Solution 2    6.44 3.65  4.25 66.0  

SOLUTION 3 100_500 
(DS) 

MM CO2 eq. (CH4)  72.64 54.04 18.60  0.75 0.56 0.19  25.6 
CO2 eq. (N2O)  109.44 6.98 102.46  1.13 0.07 1.05  93.6 

MSA CO2 eq. (N2O)  82.08 82.08 0  0.84 0.84 0  0.0 
DEU CO2 (LPG/ 

NG)  
8.26 0 8.26  0.08 0 0.08  100.0 

CO2 (Elect.)  14.86 0 14.86  0.15 0 0.15  100.0 
SEU CO2 (LPG/ 

NG)   
69.67   0.72  0.0 

CO2 (Elect.)   83.27   0.86  0.0 
Total   287.28 143.09 297.12  2.96 1.47 3.06  103.4 

100_500 
(DL) 

MM CO2 eq. (CH4)  865.24 102.28 762.96  8.90 1.05 7.85  88.2 
CO2 eq. (N2O)  33.52 9.17 24.35  0.34 0.09 0.25  72.7 

MSA CO2 eq. (N2O)  73.87 77.97 − 4.10  0.76 0.80 − 0.04  − 5.6 
DEU CO2 (LPG/ 

NG)  
8.26 0 8.26  0.08 0 0.08  100.0 

CO2 (Elect.)  14.86 0 14.86  0.15 0 0.15  100.0 
SEU CO2 (LPG/ 

NG)   
81.13   0.83  0.0 

CO2 (Elect.)   94.21   0.97  0.0 
Total   995.74 189.42 981.67  10.24 1.95 10.10  98.6 

GT500 (DL) MM CO2 eq. (CH4)  2,884.12 340.92 2,543.21  6.02 0.71 5.31  88.2 
CO2 eq. (N2O)  111.72 30.55 81.17  0.23 0.06 0.17  72.7 

MSA CO2 eq. (N2O)  246.23 259.91 − 13.68  0.51 0.54 − 0.03  − 5.6 
DEU CO2 (LPG/ 

NG)  
20.63 0 20.63  0.04 0 0.04  100.0 

CO2 (Elect.)  34.77 0 34.77  0.07 0 0.07  100.0 
SEU CO2 (LPG/ 

NG)   
270.88   0.57  0.0 

CO2 (Elect.)   222.47   0.46  0.0 
Total   3,297.47 631.38 3,159.44  6.88 1.32 6.59  95.8 

Total Solution 3    20.08 4.74  19.75 98.3 
TOTAL GHG EMISSION REDUCTIONS 37.34 14.17 32.80  87.8 
*MM, Manure management; MSA, Manure/bio-slurry applied to soil; DEU (direct) and SEU (surplus) biogas-based energy services use.  
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when synthetic nitrogen is applied to soil would be higher than those 
generated when using organic nitrogen (from bio-slurry). In this case, 
the emissions that would be saved reach 9.9 Mton of CO2/year (from 
using Equation 39 in the Supplementary Material-E). 

Considering this, it is estimated that an additional potential for GHG 
emission savings, related to the production and use of fertilizers, would 
reach 17 Mton of CO2 per year. 

Figure 10 shows the distribution of the emissions that are reduced/ 
saved when applying the proposed biogas solutions; this is the total for 
all Latin American dairy farms. Methane, nitrous oxide (in CO2 eq.) and 
carbon dioxide (CO2) emission (from direct use of biogas-based energy 
services and from the use of surplus services) reductions/savings are 
considered. It also includes the additional potential reduction of carbon 
dioxide emissions related to the massive use of organic fertilizers, which 
allows for avoiding or displacing the use of synthetic fertilizers. 

In Fig. 10, the results show that the potential for CO2 eq. emission 
reductions/savings when applying the proposed biogas-based solutions 
on Latin-American dairy farms can reach about 32.8 Mton/year. This is 
without considering the additional reductions due to organic fertilizer 
use, which adds 17 Mton/year (this can be considered as an extra po
tential for reductions, so it is not included in this analysis). From these 
32.8 Mton/year, reductions related to CH4 reach around 42%, and 
together with the reductions of N2O reach 60%; this is the most 
important contribution to the total reductions and can be considered as 
direct emission reductions. This means that manure management 
through the production and use of biogas is the most relevant and direct 
action for reducing GHG emissions. On the other side, the displacement 
of the use of conventional energy (and fossil fuel-based) services results 
in indirect emission savings (for CO2) that represent about 11%. Finally, 
the potential of CO2 emission reductions due to the use of surplus energy 
services represent 29%. In total, and considering the additional potential 
emission reductions related to the use of organic fertilizers (17 Mton/ 
year), it would be possible to achieve around 50 Mton/year of GHG 
emission reductions. It should be noted that this additional potential 
alone represents around a third of the total potential reductions. The 
GHG emission reductions are disaggregated and presented in Supple
mentary Material-H (Fig. 3). 

3.6. Potential of GHG emission reductions in Latin American countries 

The reductions/savings of CO2 eq. emissions that can be achieved in 
the different farm size categories for each of the Latin American coun
tries are presented in Table 5. The equivalent CO2 emission reductions 

that can be achieved due to the massive use of organic fertilizers, N, P 
and K (recycled nutrients from bio-slurry) are also presented in paren
theses in Table 5. 

It is evident that the potential for emission reductions/savings is 
proportional to the intensity of dairy farming in each country. Brazil is 
the country with the highest potential CO2 eq. emission reductions, 
representing 35%, and together with Colombia, Mexico and Argentina 
would allow for reducing 61% of the potential reductions of GHG 
emissions from dairy farms. Table 5 (last row) also shows that in Latin 
America, biogas solutions applied to small-sized farms (LT15 and 15_50) 
can allow for reducing CO2 eq. emissions by 27%. Medium-sized farms 
(50_100) can contribute with around 13%, and together with small 
farms they represent 40% of all the potential reductions. Biogas solu
tions applied on large farms (100_500 and GT500) contribute by 
reducing the remaining emissions (60%). 

If the techno-economic feasibility that allows for applying solution 2 
to small farms (15_50) is considered, results from Table 5 vary slightly: 
the total GHG emission reductions for 15_50 farms will change from 
3,123.48 to 1,729.26 kton of CO2 eq./year (a reduction of about 45%). 
In this scenario, small farms, LT15, where solution 1 is applied, can 
contribute with about 18% of emission reductions, and farms where 
solution 2 is applied would contribute with 6% and 13% for farms sizes 
15_50 and 50_100, respectively. The remaining 63% of emission re
ductions would be contributed by farms of 100_500 and GT500, where 
solution 3 is applied. 

When exploring strategies for implementing these biogas-based so
lutions on dairy farms, the results from Table 5 should be considered at a 
country level; in this way, given the techno-economic feasibility, farms 
with higher GHG emission reduction potential can be prioritized. For 
example, compare two countries with very different results, Bolivia and 
Brazil. In Bolivia half of the potential for reducing GHG emissions can be 
achieved with the application of solutions on small farms, as there are no 
large farms (with more than 500 dairy cows). On the contrary, Brazil, 
whose total reduction potential is more than 50 times that of Bolivia, has 
a high potential for reducing emissions not only on small farms but also 
on large farms. 

4. Final remarks, limitations and future work 

From the results presented, it is clear that the potential for biogas 
production on Latin American dairy farms is high. Using this biogas in 
different technological solutions allows for covering most of the energy 
demands of this sector (cooking gas, electricity, refrigeration and hot 

Fig. 10. Potential for CO2 eq. emission reductions on Latin American dairy farms due to the application of biogas-based solutions and massive use of organic 
fertilizers. 
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water). From the energy balance and techno-economic evaluation it was 
found that energy self-sufficiency is possible on dairy farms of all sizes 
(except those with up to 15 cows, LT15); small farms (LT15) can still 
produce biogas in a feasible manner and reach complete energy self- 
sufficiency, where the use of the surplus biogas in centralized poly
generation systems (CHP/CCHP plants) can be an alternative solution. 
For this, the geographical location of the farms should be considered, 
since their proximity to each other would facilitate the collection of farm 
waste required for biogas production. The centralized biogas plant can 
also supply organic fertilizers, electricity and offer milk-cooling services 
for dairy farmers [17]. This solution can reach small and medium-sized 
farms that can be part of the implementation of medium/large-scale 
plants, instead of small-scale-individual solutions. In this case, the sup
ply of various energy services can benefit not only dairy farmers but also 
other potential consumers that can purchase the available surplus ser
vices and products. 

Additionally, organic fertilizers (nitrogen-N, phosphorus-P and 
potassium-K) that result from bio-digestion processes are supplied by the 
solutions on all type of farms. 

With respect to GHG emissions, the reductions of CH4 and N2O 
emissions are found to be dependent on the farm size and emission 
factors that were calculated (or selected) considering the characteristics 
of dairy activity. On the other hand, savings of CO2 emissions are ach
ieved when replacing the use of conventional energy services by the 
proposed biogas-based energy services. These savings of CO2 emissions 
are dependent on country-specific emission factors for the use of con
ventional energy services (electricity, LPG and NG) and can be consid
ered a co-benefit of the application of the proposed solutions. Finally, 
additional savings of CO2 eq. emissions are possible when considering 
the widespread use of organic N, P, and K, avoiding the GHG emissions 
generated due to their production and use in the soil. 

The proposed solutions promote the farm’s energy self-sufficiency, 
an efficient and proper management of waste under the concept of 
“waste-to-energy” contributing to the sustainability of the dairy sector. 
Biogas, obtained from farm waste, becomes the source of energy to meet 

the various energy demands of farms. This concept promotes the 
circularity of resources and has a positive effect on reducing GHG 
emissions, since the demand of conventional energy services and syn
thetic fertilizers is displaced. Finally, several of the SDGs are promoted 
along the lines of a circular economy that could also bring economic 
benefits to this sector. 

One of the limitations identified in the development of this study is 
related to the difficult access to specific information (by countries/re
gions) on the particular parameters required to estimate biogas pro
duction and energy demands on Latin American dairy farms. For this 
reason, average or default values (given by IPCC [25,26]) of the required 
parameters have been used; although they are properly justified, these 
may vary at the time of obtaining specific data for each country. For 
example, the biogas yield factor may be different even within the same 
country, due to climatic conditions, the breed of animals and type of 
farm management. On the other hand, the calculation of carbon dioxide 
emissions for conventional energy services has been carried out 
considering country-specific emission factors from the year 2015 (while 
other data are from nearby years), which can also change over the time; 
however, the parameters were carefully selected. Due to the existence of 
several parameters with certain variability, the Monte Carlo method was 
applied to determine the costs of biogas and electricity (LCOB and 
LCOE). Then the results are approximate estimates valid for different 
dairy farms in Latin America. In this case, better accuracy would be 
achieved when analyzing each country separately. This can be seen as 
another limitation. In any case, the results from this study show a first 
scenario that could be considered as the basis for future studies and a 
deeper exploration of strategies that can promote the application of 
these sustainable energy solutions in specific locations. Regarding the 
methodology applied in this work, this could be considered an important 
contribution for promoting the sustainability of the sector since stake
holders and policymakers, focusing on a specific country or region, can 
use it in a more precise way. Future studies should analyze financing 
alternatives, policies/regulatory issues and even social/organizational 
aspects. 

Table 5 
CO2 eq. emission reduction per country and per farm size category due to the application of biogas-based solutions and the massive use of organic fertilizers (recycled 
nutrients).  

Country CO2 eq. emissions, farm: 
LT15 
(kton/year) 

CO2 eq. emissions, farm: 
15_50 
(kton/year) 

CO2 eq. emissions, farm: 
50_100 
(kton/year) 

CO2 eq. emissions, farm: 
100_500 
(kton/year) 

CO2 eq. emissions, farm: 
GT500 
(kton/year) 

Total CO2 eq. 
emissions 
(kton/year) 

ARGE  15.20  15.20  140.94  2,246.92  1,372.16  3,790.43  
(11.47)  (11.47)  (123.68)  (725.95)  (306.51)  (1,179.08) 

BOLV  112.32  34.29  29.68  40.37  0.00  216.66  
(78.12)  (23.85)  (25.17)  (12.74)  (0.00)  (139.88) 

BRAZ  3,361.43  1,072.80  2,038.01  1,961.04  3,101.91  11,535.19  
(2,337.92)  (746.15)  (2,729.64)  (708.66)  (748.03)  (7,270.39) 

CARB  80.22  40.11  90.78  1,855.67  0.00  2,066.77  
(55.79)  (27.90)  (66.24)  (554.73)  (0.00)  (704.65) 

CEAM  240.17  720.52  1,124.36  3,483.55  0.00  5,568.60  
(167.04)  (501.13)  (1,092.93)  (1,150.22)  (0.00)  (2,911.33) 

CHIL  28.03  31.87  40.21  571.24  317.12  988.47  
(19.50)  (22.17)  (31.19)  (174.71)  (68.17)  (315.74) 

COLO  696.54  335.37  174.33  391.32  409.76  2,007.31  
(524.51)  (252.54)  (205.00)  (138.38)  (97.38)  (1,217.81) 

ECUA  196.21  94.47  57.64  110.77  112.94  572.05  
(136.47)  (65.71)  (53.34)  (36.00)  (25.34)  (316.86) 

MEXI  191.45  382.90  299.63  1,489.12  430.41  2,793.51  
(133.16)  (266.31)  (234.20)  (456.68)  (92.70)  (1,183.05) 

PARA  35.16  34.23  16.36  3.91  6.35  96.01  
(24.45)  (23.81)  (31.24)  (1.53)  (1.61)  (82.64) 

PERU  227.59  98.62  51.74  55.18  28.54  461.69  
(158.29)  (68.59)  (55.68)  (18.79)  (6.61)  (307.97) 

URUG  6.51  32.55  52.15  666.33  524.14  1,281.68  
(4.53)  (22.64)  (86.01)  (252.66)  (130.51)  (496.35) 

VENE  478.80  230.53  138.08  280.63  290.04  1,418.08  
(361.09)  (173.86)  (141.13)  (95.26)  (67.04)  (838.39) 

Total  5,669.63  3,123.48  4,253.90  13,156.06  6,593.39  32,796.46  
(4,012.34)  (2,206.13)  (4,875.45)  (4,326.32)  (1,543.90)  (16,964.14)  
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The techno-economic evaluation has not considered economic esti
mates related to the organic fertilizers, but it is clear that their use (or 
sale) can contribute to the feasibility of the solutions. The results of 
biogas and electricity costs are attractive but require an investment 
capital. Considering that large farms are usually managed by large 
companies, it is probably easier for them to implement solutions with 
private capital. On the other hand, for small and medium sized farms it is 
necessary to explore financing mechanisms. One option would be to 
redirect fossil fuel subsidies (where possible) to the implementation of 
these solutions that greatly contribute to the sustainability of dairy 
farms through proper energy and waste management. 

Since this work focuses on the dairy farms, the only waste considered 
as determining the potential for biogas production was cows’ manure. 
However, particular studies focusing on specific geographic locations 
could also include different organic residues/wastes, for example, do
mestic, agricultural (biomass), industrial and other animal wastes that 
can be used as a co-substrate for biogas production. This could allow for 
increasing the biogas production potential even more. Finally, the 
biogas-based proposed solutions have the potential to be applied to 
other productive sectors with the availability of organic waste (as a 
source for supplying organic fertilizers) and a simultaneous demand for 
electricity and thermal services. 

5. Conclusions 

The waste-to-energy approach was applied to Latin American dairy 
farms, where cow’s manure is proposed for the production of biogas and 
the application of different biogas-based solutions. The solutions supply 
not only energy services demanded by dairy farms (gas for cooking, 
electricity, refrigeration and thermal energy for heating water) but also 
organic fertilizers (N, P and K). The potential of biogas production was 
estimated to verify whether this is sufficient for covering the farms’ 
energy service demands. Energy balance (through a demand–supply 
analysis) and a techno-economic evaluation of the proposed solutions 
were performed to evaluate the energy self-sufficiency of the farms. 
Finally, GHG emissions, which are reduced/saved with the application 
of the proposed solutions, were quantified. The specific conclusions are 
as follows:  

• Theoretically, the biogas production potential of Latin American 
dairy farms is sufficient to meet their own energy demands. The 
biogas production capacity reaches 81 TWh/year, while the energy 
service demands would be covered with around 50% of it.  

• The total potential for recycling organic fertilizers (through biogas 
production) on dairy farms in Latin America was found to be around 
2.4, 0.28 and 0.75 Mton/year for the nutrients nitrogen-N, phos
phorus-P and potassium-K, respectively.  

• From the techno-economic evaluation it was found that producing 
biogas and electricity on almost all types of dairy farms is feasible. 
This has the potential to allow energy self-sufficiency based on the 
available organic waste. However, electricity production on small 
farms with up to 15 cows is not as attractive as it is on the rest of the 
farms. That limits the use of biogas to only cooking and heating 
water. In this case, energy self-sufficiency might be achieved with the 
implementation of centralized polygeneration plants where the sur
plus biogas (7.6 MWh/year) can be used for the supply of various 
energy services.  

• Biogas-based solutions for medium and large farms are feasible, 
allowing for their energy self-sufficiency. In addition, these solutions 
generate surpluses of electricity, which reach 72 and up to 998 
MWh/year for medium and large farms, respectively. There is also a 
surplus of heat (thermal energy) on large farms, which reaches up to 
1,234 MWh/year.  

• The relevant levelized costs of biogas (LCOB) and electricity (LCOE) 
were found to be in a range of 1.7–3.7 USD cents/kWh and 6–12 USD 

cents/kWh, respectively. In most cases they are lower than reference 
prices of LPG, NG and electricity in Latin America.  

• The application of biogas-based solutions allows for reducing CH4 
and N2O emissions from manure management; this reduction, in CO2 
eq., is about 19.6 Mton/year for all Latin America. The effect on N2O 
emissions of applying bio-slurry (organic fertilizer) to the soil is 
negligible when compared to the current scenario where no solutions 
are applied.  

• Replacing the use of conventional energy solutions (electricity from 
the grid, LPG/NG) by biogas-based energy services results in CO2 
emission savings. These reductions/savings reach up to 3.6 Mton/ 
year for the direct use of biogas-based services, while using the 
surplus energy services allows for savings that reach 9.6 Mton/year.  

• The total potential for CO2 eq. emission reductions/savings that can 
be achieved with the application of the proposed biogas-based so
lutions on all dairy farms can reach 32.8 Mton/year.  

• Additionally, the extended and massive use of organic fertilizers 
would allow for avoiding the production and use of synthetic fertil
izers. It will lead to additional CO2 eq. emission savings of up to 17 
Mton/year. Considering this, the actual potential for GHG emission 
reductions on Latin American dairy farms would be around 50 Mton/ 
year. 

• The reductions of GHG emissions are proportional to the dairy in
tensity in Latin American countries. Implementing biogas-based so
lutions on the dairy farms of Brazil, Colombia, Mexico and Argentina 
would allow for reducing 60% of the current GHG emissions gener
ated from manure management, soil-application, and energy use. 
Moreover, the most predominant dairy farms in Latin America are 
small, with up to 50 cows (93%), and their potential for reducing 
these emissions is only 27%. 

Finally, these solutions promote energy self-sufficiency on dairy 
farms, the utilization of organic waste and the implementation of sus
tainable energy systems. This generates environmental benefits due to 
the waste management and displacement of conventional energy ser
vices and synthetic fertilizers. Furthermore, this study considers the 
possibility of incorporating the dairy sector in the energy market when it 
comes to the sale of surplus energy services. This would allow not only 
local economic development but also improve access to energy services 
for the surrounding populations. In general, the implementation of these 
solutions based on resource efficiency will produce positive effects in 
different areas, in accordance with the guidelines of the sustainable 
developmental goals (SDGs). 
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Program (AIR). Thanks to Lena Höglund Isaksson, and thanks to Adriana 
Gomez. 

This study has been carried out as a part of SIDA’s research coop
eration (Sweden) with Universidad Mayor de San Simon (Bolivia), while 
financial support (for YSSP) was granted from the Swedish Research 
Council for Sustainable Development – FORMAS. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.enconman.2022.115670. 

References 

[1] FAO. Milk and dairy products in human nutrition. Rome: The Food and Agriculture 
Organization of the United Nations; 2013. 

[2] FAO and GDP. Climate change and the global dairy cattle sector – The role of the 
dairy sector in a low-carbon future. Rome: The Food and Agriculture Organization 
of the United Nations and Global Dairy Platform Inc.; 2018. doi:Licence: CC BY-NC- 
SA- 3.0 IGO. 

[3] Van Hooijdonk T, Hettinga K. Dairy in a sustainable diet: a question of balance. 
Nutr Rev 2015;73:48–54. https://doi.org/10.1093/nutrit/nuv040. 

[4] Hernández-Castellano LE, Nally JE, Lindahl J, Wanapat M, Alhidary IA, 
Fangueiro D, et al. Dairy science and health in the tropics: challenges and 
opportunities for the next decades. Trop Anim Health Prod 2019;51(5):1009–17. 

[5] United Nations. Transforming our world: the 2030 agenda for sustainable 
development 2015. https://sustainabledevelopment.un.org/post2015/transfo 
rmingourworld/publication (accessed September 30, 2021). 

[6] Willett W, Rockström J, Loken B, Springmann M, Lang T, Vermeulen S, et al. Food 
in the Anthropocene: the EAT–Lancet Commission on healthy diets from 
sustainable food systems. Lancet 2019;393(10170):447–92. 

[7] FEPALE - Federación Panamericana de Lechería. La organización láctea de las 
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[56] Observatorio de la Cadena Láctea Argentina. Información de la Producción 
Primaria. OCLA-Observatorio La Cadena Láctea Argentina 2018. http://www.ocla. 
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los recursos zoogenéticos del Paraguay. Asunción, Paraguay: 2004. 

[62] Martí-Herrero J, Cuji P, Ramirez V, Rodríguez L, Dominguez D, Cipriano J. 
Actividad 2: Análisis entrada-salida de los biodigestores en el contexto ecuatoriano 
2019. https://www.ctc-n.org/content/act-2-lisis-entrada-salida-de-los-biodigestor 
es-en-el-contexto-ecuatoriano. 

[63] Murgia L, Caria M, PA.. Energy use and management in dairy farms. Innov Technol 
to Empower Safety, Heal Welf Agric Agro-food Syst 2008:1–7. 

[64] Upton J, Humphreys J, Groot Koerkamp PWG, French P, Dillon P, De Boer IJM. 
Energy demand on dairy farms in Ireland. J Dairy Sci 2013;96:6489–98. https:// 
doi.org/10.3168/jds.2013-6874. 

[65] Upton J, Murphy M, Shalloo L, Groot Koerkamp PWG, De Boer IJM. A mechanistic 
model for electricity consumption on dairy farms: Definition, validation, and 
demonstration. J Dairy Sci 2014;97:4973–84. https://doi.org/10.3168/jds.2014- 
8015. 

[66] Nacer T, Hamidat A, Nadjemi O, Bey M. Feasibility study of grid connected 
photovoltaic system in family farms for electricity generation in rural areas. Renew 
Energy 2016;96:305–18. https://doi.org/10.1016/j.renene.2016.04.093. 

[67] Nacer T, Hamidat A, Nadjemi O. A comprehensive method to assess the feasibility 
of renewable energy on Algerian dairy farms. J Clean Prod 2016;112:3631–42. 
https://doi.org/10.1016/j.jclepro.2015.06.101. 

[68] Shine P, Upton J, Sefeedpari P, Murphy MD. Energy consumption on dairy farms: a 
review of monitoring, prediction modelling, and analyses. Energies 2020;13:1–25. 
https://doi.org/10.3390/en13051288. 

[69] Gallo CS, Tadich TG. Perspective from Latin America. Adv Agric Anim Welf Sci 
Pract 2018:197–218. https://doi.org/10.1016/B978-0-08-101215-4.00011-0. 

[70] Sarnavi HJ, Nikbakht AM, Hasanpour A, Shahbazi F, Aste N, Adhikari RS. 
A pragmatic methodology to estimate hourly energy demand profile of a case 
studied dairy farm; primary step toward PV application. INMATEH - Agric Eng 
2017;52:47–54. 

[71] O’Donovan K, O’Brien B, Ruane D, Kinsella J, Gleeson D. Labour input on Irish 
dairy farms and the effect of scale and seasonality. J Farm Manag 2008;13:38–53. 

[72] Cominiello S. Los procesos de trabajo en los tambos de las cuencas lecheras de 
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