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An increasing global population is putting stress on the food system. On-farm technologies to close resource loops
will play a role in increasing food production without stressing natural resources. What are these applied on-farm
circular technologies and what impact do they have on the food system? This paper develops a framework for
defining the potential of on-farm circular technologies for benefits across multiple spatial scales. It then applies
the framework to Uruguay to examine what economic and environmental benefits on-farm circular technologies,
namely biomass for nutrient cycling (manure management) and on-farm water cycling, can have at multiple
spatial scales – on-farm, regionally and nationally. Using data from a government program in Uruguay’s most
important watershed, the work shows that investments in on-farm manure management technologies yield
economic and sustainability benefits that are unequally distributed across scales (Figure 1). It demonstrates that
famers only receive a small percentage (16% on average) of the total benefits yielded by manure management
and on-farm water cycling technologies, while most benefits (84% on average) occur at regional level. The
analysis by technology demonstrates that the benefits of technologies also depend on how they are combined. For
example, installing only a waste management pool on-farm increases the GHG emissions, while installing a waste
management pool combined with a separator decreases the GHG emissions and magnifies the benefits of reduced
water pollution. These findings raise questions regarding whether these technologies should be subsidized since
most benefits occur beyond the farm level to the benefit of society. This has implications for how governments
and private actors co-finance on-farm technologies to make farming practices more circular and sustainable.
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1. Introduction
Globally, farmers and agricultural systems are faced with the chal
lenge of increasing primary production to meet the rising global demand
for food and, in particular, for resource-intensive foods such as meat and
dairy (Searchinger et al., 2019, Morris et al., 2020). At the same time,
society expects that any emphasis on increasing agricultural output is
met with an equal emphasis on sustainability (Garnett et al., 2013;
Schulte et al., 2019). Without a concerted focus on sustainability,
increasing agricultural production, including sustainable intensifica
tion, for a growing global population has negative environmental im
pacts (Garcia, 2020). Agricultural production is a major cause of soil

degradation (O’Sullivan et al., 2017) and of nitrate and phosphate
pollution to water (Leip et al., 2015; Uwizeye et al., 2020), and Agri
culture, Forestry and Other Land Use activities accounted for around
13% of CO2, 44% of methane (CH4), and 81% of nitrous oxide (N2O)
emissions from human activities globally during 2007–2016, repre
senting 23% of total net anthropogenic greenhouse gas (GHG) emissions
(IPCC 2019).
To respect human and planetary health today and in the future, both
consumption and production need to be addressed (Willett et al., 2019).
Many scientific studies have showed the potential of changing con
sumption patterns in high income countries to lower resource intensive
foods and to distribute nutritious food more equally among the
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population (Van Selm et al., 2021; Poppy and Baverstock, 2019;
Springmann et al., 2016). However, many studies suggest that changing
consumption patterns will not be sufficient in order to produce food for
the growing global population without causing further environmental
damage (Springmann et al., 2018). In addition, it will be necessary to
limit agricultural frontier expansion and increase production from
existing farmland in a sustainable way, including using new approaches
to agricultural production, such as water use, pest management and
nutrient cycling (Grafton et al., 2015; Pretty, 2018; Harder et al., 2021).
Recent work suggests that humans are already operating outside of
planetary boundaries and that urgent action needs to be taken (Persson
et al., 2022).
In order to address the challenge of how to increase food production
for a growing population, it is important to identify models for sus
tainable farm production suitable for a diversity of contexts. On-farm
technologies have played a role in transitioning farms towards various
production models that seek to increase sustainable production, such as
climate smart agriculture (Makate et al., 2019a), sustainable intensifi
cation (Pretty, 2018, Kotu et al., 2017) and agroecological production
(Bellon Maurel and Huyghe, 2017; Altieri et al., 2017). On-farm in
vestment in all types of improved agricultural technology, from
large-scale farm equipment to small-scale changes in production prac
tices, has the potential to increase crop production as well as reduce
environmental impact (Shah and Wu, 2019). Therefore, governments
often provide support for on-farm investment as a development tool to
improve productivity, sustainability and farmers’ incomes.
In recent years, discussions of increasing circularity in the food sys
tem for greater sustainability has amplified (Barros et al., 2020) and the
results of several studies have shown that a transition towards a circular
food system has environmental benefits (Van Zanten et al., 2019; Kop
pelmäki et al., 2021). Governments in China, the European Union and,
gradually more, Latin America, are becoming increasingly focused on
investing in technologies to facilitate on-farm circularity. The interest
stems from not only the public policy decision to support farmers to
increase production and sustainability on-farm, but also from govern
ments’ desire to achieve international agreements on climate change. As
an example of this, the Uruguayan government has increased on-farm
circular investments with the objectives of increasing food production,
improving natural resource management, and reducing GHG emissions
to meet its commitments to international agreements, such as its Na
tionally Determined Contributions (NDCs) set though the Paris Agree
ment and ratified most recently in Glasgow (Biovalor project).
In their pursuit of increasing agricultural sustainability and closing
resource loops through circularity, many governments are finding that
the farmers are often unable or unwilling to invest their own resources in
on-farm improvements and research is being undertaken to examine the
drivers of adoption (Konrad et al., 2019). This resistance can be related
to different factors, including a farmer’s risk tolerance, available re
sources, access to credit, or inability to see the benefits. While some
on-farm technologies, such as water management, nutrient cycling or
renewable energy technologies, may bring a variety of benefits for
farmers (including increased adaptation to climate change (Ginbo et al.,
2021), enhanced resilience (Bowles et al., 2020; Makate et al., 2019b),
increased incomes (Sardar et al., 2021)), it is less researched how ben
efits are distributed across scales (from the farm to regional and global
levels) or between actors (farmers or society at large) (Schulte et al.,
2019). This has important implications on what actors should invest in
supporting on-farm technologies to increase environmental sustain
ability at different scales. This resonates in international debates on how
to finance globally beneficially investments on private land, including
through polluter pay schemes (Gawith and Hodge, 2019), payments for
environmental services (Börner et al., 2017) and government subsidies
to improved technologies (Jayne et al., 2018.) Ongoing discussions of
how to finance investment in agriculture technologies were highlighted
during the Conference of Parties (COP) 26 (FAO, 2021).
This study investigated the potential economic and environmental

benefits of investments in on-farm technologies across scales, and
examined what actors reap these benefits. To do this, it derived a defi
nition of on-farm circular technologies from the literature. It then
applied this definition to examine what on-farm circular technologies
are implemented by the World Bank Agriculture and Food Global
Practice across Latin America. Using Uruguay as a case study, it inves
tigated how the benefits of on-farm circular investments are distributed
across different scales. A conceptual framework was then created for
dividing the benefits of on-farm circular technologies into multiple
scales of impact, namely on-farm, regionally and nationally. Finally, the
study applied this conceptual framework to a case study in a priority
watershed in Uruguay to examine the economic benefits of mature
management technologies. By examining government investment on
private farms, it is possible to examine how governments are incentiv
izing on-farm changes, helping them to prioritize on-farm investments
towards their goals of circularity (Fig. 1).
1.1. Scales of circular investments and benefits
There is no single definition of a circular food system and definitions
of circularity within the food system literature are multifaceted. Often
definitions include sustainability options such as supporting local food
to produce less waste, closing nutrient loops, using and reusing biomass,
pricing the true cost of resource consumption and losses in natural
capital, circularity in processing residues, and creating policy to pro
mote recovery and reduce loss of critical natural resources (Jurgilevich
et al., 2016; Muscat et al., 2021, de Boer et al., 2018). The European
Environmental Agency (European Environmental Agency, 2016) defines
circularity as systems that include: a) reduced inputs and use of natural
resources; b) greater sharing of energy and renewable and recyclable
resources; c) emissions reduction; d) reduce material and waste losses;
and e) maintain the value of products, components, and materials in the
economy. Having a shared definition of circularity will facilitate the
move towards more circular systems (Van Zanten et al., 2019; Termeer
and Metze, 2019).
Scale is also an important consideration in defining circularity within
the food system (Koppelmäki et al., 2019). The food system itself is
comprised of subsystems, including primary production/livestock pro
duction, food processing, and food consumption, and each of these
systems are nested within the complete system (HLPE, 2017). Recent
thinking frames different scales as nested scales of circularity, where the
cropping subsystem refers to the agricultural fields that produce biomass
(Koppelmaki et al. 2021). At the farm scale, the system includes all the
field parcels, the livestock, and possible energy production. Resource
loops on farm are most efficiently closed when the cropping subsystem
includes both animal and crop production systems (Koppelmaki et al.
2021). Circular systems can close resource loops at multiple scales in
different combinations, including on-farm, regionally, nationally, and
globally.
Resource use on-farm, and specifically nutrient cycling within and
across production systems, will be a key element of moving towards a
more sustainable food future. Even within the farm there are multiple
spatial scales of circularity, including subsystems of crop, livestock and
biomass production (Koppelmaki et al. 2021). Since on-farm systems
produce food for national and global systems, on-farm practices yield
national, regional and global effects (Rickson et al., 2015). With global
food demand expected to increase significantly by 2050, the impacts of
food production at multiple scales are also expected to increase
(Springmann et al., 2018). In addition, the scale of closing nutrient loops
is important. Depending on the farm composition, closing nutrient loops
at the farm-level may be impossible or unnecessary, and closing cycles
on a regional scale is more promising because cooperation among farms
can achieve better nutrient use (van Laarhoven, 2019; de Boer et al.,
2018). While loops can be closed at multiple scales, this paper demon
strates that the benefits of closing these loops can also exist at multiple
scales - including on-farm, regionally, nationally and globally.
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Fig. 1. On-farm Circular Investments Create Benefits at Multiple Scales (color reproduction on web, black and white in print).

1.2. A focus on Latin America

The paper uses a model developed by the Uruguay “Biovalor” project
to assess the benefits of manure management technologies in Uruguay.
The Biovalor model (Biovalor Model, 2022) was designed to specifically
examine the impact of various technologies on two key indicators of
interest to the Government of Uruguay – reduction of phosphorus
run-off and impact on GHG emissions. At the time of the model’s
development, the mitigation of effluent run-off in the Santa Lucia
watershed was an expensive problem. The Government began on-farm
investments in the Santa Lucia watershed with the expressed purpose
of decreasing pollution and thereby reducing the cost of water treatment
downstream. The Biovalor model was created to help the Government
measure the impacts of these technologies. A 2020 study (Baraldo et al.
2020) used the model to examine reduction in effluent run-off due to
technologies installed in Cuenca Santa Lucia and found that the installed
technologies decreased run-off and water contamination by 51%,
related to baseline. This work builds on Baraldo et al. 2020 to assess
economic benefits by technology, assign economic benefits by scale, and
view these in the context of their contribution to circularity.
Each of the farmers who received support to install an on-farm
technology under the Cuenca Santa Lucia investments was required to
submit a Sustainable Dairy Management Plan, a government tool to
identify the potential environmental risk in the basin and understand the
baseline situation of the dairy farm, including effluent management
systems. A preliminary version of the Biovalor model used data from the
Sustainable Dairy Management Plans to establish a baseline for the
producers. Using the effluent management technologies proposed in the
Sustainable Dairy Management Plans, the Biovalor team refined the
model to examine the difference between the established baseline and
the situation with on-farm investments. For this reason, the Biovalor
model is precisely calibrated for on-farm manure management tech
nology in Uruguay, and its results can yield important findings that are
widely applicable to manure management technologies across the
region.

This paper focused on Latin America and Caribbean region due to the
region’s expressed desire to increase circularity in the food system, its
ambitious Paris Agreement targets to reducing GHG emissions in Agri
culture, and its pivotal role in global food production towards meeting
demand in 2050 (Siegel, 2021). Within the confines of this region, the
World Bank Agriculture and Food Global Practice portfolio was chosen
because the World Bank supports nearly two thirds of the ministries of
agriculture in Latin America with financing or technical assistance ser
vices, allowing a broad overview of the priorities of the ministries of
agriculture across the region. Within the region, the Uruguay was cho
sen as a focus country, due to its export-oriented agriculture, the
governmental push to increase sustainable intensification to feed 50
million people by 2050, and the concentration of dairy farms, since
biomass and nutrient flows related to livestock are key to circular food
systems (Koppelmäki et al., 2019).
The World Bank Uruguay project (Sustainable Management of Nat
ural Resources and Climate Change (DACC)) was used as an example due
to Uruguay’s push towards a circular food system (Uruguay Circular,
2020) and the high concentration of dairy farms. One of the mechanisms
used for investment is an agriculture “subproject”. Subprojects are
leveraged as a way for Government resources to be invested directly
on-farm or into agribusinesses. The DACC project funded subprojects in
4 specific areas (DACC Operations Manual): 1) “Water for production,”
for water capture and water and effluent management. This includes
wells, springs, cutwaters, water distribution, irrigation, and effluent
pools and distribution systems; 2) “Milk producers” to invest in pasture
management and soil management 3) “Small-scale livestock producers”
to fund water distribution on parcels, management of natural pasture
lands, shade management and biodiversity management; and 4) In
vestments in Santa Lucia watershed, which provides 80% of the drinking
water to Uruguay’s capital city Montevideo, to manage effluents,
including effluent pools, effluent management infrastructure, effluent
distribution infrastructure, biodigesters.
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national governments are investing in on-farm circular technologies.
This dataset is unique in that it reflects where national governments
across Latin America focus their country-level investments. This 2020
portfolio includes all of the International Bank for Reconstruction and
Development, International Development Association, and Global
Environment Fund projects with closing dates of September 2020 or
after. The data was collected and aggregated from the Project Appraisal
Documents (PADs), publicly available design documents published at
the beginning of each project. The analysis examined all of the tech
nologies listed as eligible for investment through the subproject mech
anism. Those that fit within the literature review’s definition were
deemed “circular” and were categorized according to the definition of
on-farm circular technology.
2.3. Uruguay demonstrates on-farm circular technologies in practice
Each of the investments permitted under the four investment areas of
DACC was categorized according to its contribution to circularity. The
subproject investments categorized as circular are those related to water
capture and distribution (on-farm water use) and effluent cycling (using
biomass for energy, using biomass for nutrients). Under the investments
from the “Water for production call” approximately 37% of the invest
ment was directed towards circularity through investments for circular
on-farm water use; under the investments from “investments for dairy
farmers” approximately 31% of the investment was circular (on-farm
water use and using biomass for nutrient cycling); under investments in
Santa Lucia 99% was circular (on-farm water use, using biomass for
nutrient cycling and using biomass for energy) and under the call “In
vestment for Cattle Ranchers” approximately 29% of investments were
aimed towards circularity (on-farm water use, using biomass for nutrient
cycling and using biomass for energy).
The category “Investments in Santa Lucia Watershed” was targeted,
due to having the highest level of investment towards circularity. Each
of these technologies was then categorized according to the definition of
circularity. The investments in Santa Lucia were undertaken to reduce
dairy farm run-off in this priority watershed. These investments were
categorized according to type, and include: quality and quality of water
for dairy farms, effluent capture, reducing effluent production, distri
bution and application of organic waste and improving the use of water
on dairy farms.

Fig. 2. Defining On-farm Circular Technologies (As is, color reproduction
online, black and white in print).

2. Methods
2.1. Defining on-farm circular technologies
Based on background literature, a definition was constructed of onfarm circular technologies (Fig. 2). To do this, the work started by
combining definitions from Koppelmaki et al. (2021), Jurgilevich et al.
(2016) and the European Commission (2018). This definition considers
all agricultural field parcels (crops that produce biomass), livestock and
possible energy production that close cycles through: 1) using biomass
for food and/or feed, 2) using biomass for energy, 3) using biomass for
nutrient cycling, 4) on-farm water use, 5) other renewable energy
(including solar), and 6) other compounds. These six groupings were then
used as headings to categorize the findings from the literature review.
A literature review was undertaken to identify on-farm technologies
considered “circular” based on their capacity to close on-farm loops. In
March 2021 a review was conducted of all scientific literature between
2010 and 2021 in Scopus, Web of Science, and Agricola using the terms
“Circular economy” AND “farm” AND “Technology” in the title and/or
abstract (Appendix A) Web of Science yielded 48 results, Scopus
included 44 total hits and Agricola yielded 10 hits. The search was
restricted to the years 2010–2021 because technology evolves rapidly,
and the intension was to capture technologies used in recent years. Each
entry was counted only once, and duplications were eliminated.
The terms “Circular economy”, “farm” and “technology” were cho
sen in this precise combination to maximize the yield of papers that
focused specifically on on-farm circular technologies. Other terms were
considered, including “circularity” (instead of “circular economy”) and
“agriculture” (instead of farm), but the authors found that the results
yielded with these terms were broader, and not as focused on on-farm
circular technologies specifically. Although there are multiple ways
that farms can be adapted to become circular, including different types
of practices and methods, the analysis specifically looked at “technolo
gies” as a tool for facilitating circularity. This paper examines the returns
from capital on-farm investments and is therefore focused on technol
ogies. The returns from other government interventions, such as pay
ments for non-capital management practices were outside the scope of
this study. Each of the technologies mentioned in the literature review
were categorized according to the six categories included in the defini
tion developed here of on-farm circularity.

2.4. Assessing potential benefits of on-farm technologies
Using investments under “Cuenca Santa Lucia” as a case study for the
potential benefits of on-farm technologies, the Biovalor model was
applied. First, a baseline was established for each technology and then
the Biovalor model was used to assess the impact on kg CO2eq per year
and kg PO4eq per year of each of the manure management technologies.
The Biovalor model was run for the average size of a family farmer – 40
cows (INALE 2021) and the average size of a larger dairy farmer – 325
cows (INALE 2021) in order to show the impact of the technologies at
both scales. The analysis used the model’s default values, varying only
the number of cows and average milk output and creating a baseline
using the current situation of each farm before the investment
(Appendix B.)
2.5. Aggregating benefits across scales
With the benefits of individual technologies established, the Biovalor
model’s outputs were then used related to phosphorus run off and
impact on GHG emissions to examine the economic impacts of the
Cuenca Santa Lucia investments, accounting for a) on-farm economic
benefits of the nutrients that remain on farm to increase productivity
and on-farm energy production; b) regional impacts of reduced phos
phorus in the water and c) national impacts of reduced GHG emissions
due to better on-farm manure management.

2.2. Validated literature review with World Bank data
To complement the literature review, a dataset was utilized from the
World Bank’s Agriculture and Food Global practice to observe what
4
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The on-farm benefits were assessed using the Biovalor model to
calculate the amount of Nitrogen (fertilizer) that remains on-farm with
each technology due to improved manure management methods. The
evaluated establishments were grouped according to a typology con
structed from the post-project composition of the effluent management
system, which resulted in six groups: 1) without waste management
pools (establishments with a very basic infrastructure at the baseline and
whose project focused on technical assistance); 2) only waste manage
ment pools; 3) waste management pools and sand filters; 4) waste
management pool and separator; 5) waste management pool, sand filter
and separator; 6) and biodigester.
Economic benefits for each technology were then calculated. The
value of renewable energy was calculated by using values provided by
the biodigester company (Biobolsa) on the expected output of daily
biogas production (based on number of cows) and the expected con
version to Liquid Propane Gas (LPG) for cooking. The price for water
contamination was adopted from Hernandez Sancho et al., (2009), as
applied in Baraldo et al. 2020) where they estimate the shadow price of
pollutants as the environmental benefit for avoided costs associated with
the decrease in nutrients. This is one way to value this cost, but there are
ongoing discussions about alternative methods to measure costs of water
purification in Uruguay to further refine costs. The valuation of GHG

emissions was derived from the shadow price of carbon, conclusions
from Stiglitz et al., (2017).
3. Results
3.1. Defining On-farm circular technologies
The literature review revealed that the single most common type of
on-farm circular technology discussed in the literature was under the
“biomass to energy” category. Within this category, the most commonly
occurring technologies were production of biogas (9 articles) and
anaerobic digestion (8 articles), which is most often also linked to biogas
production (Table 1). The second largest concentration of technologies
was under the “biomass for nutrient cycling” category, reflecting such
technologies as digestate for nutrient cycling, biochar, and manure
management. The most discussed technology was related to digestate for
nutrient cycling (4 articles): digestate ultimately being the output of the
anaerobic process to produce energy. Several other technology types
were mentioned three times: in the biomass to food/feed, aquaponics
appeared three times, in the biomass for nutrient cycling category
manure management and biochar both appeared three times and under
the renewable energy category wind energy appeared in three article

Table 1
On-farm Circular Technologies: Categorization of technologies based on type of cycle closed.
On-farm
Technologies to
achieve
Circularity

Biomass to Food/Feed

Biomass to
Energy

Biomass for nutrient
cycling

On-farm water cycling

Renewable
energy

Other compounds

Literature

hydroponics (2),
aquaponics (3),
microalgae, fungal
materials, earthworms
as poultry and fish feed,
recycling of by-products
for animal feed,
recycling of animal
products (2)

biogas (9),
anaerobic
digestion (8),
bioenergy (2)

wastewater recycling (2),
vermifiltration, hot bubbles
water sterilization

wind (3),
renewable
energy, solar

recycling of farm
materials, carbon
sequestration

World Bank
Project
Appraisal
Documents
(PADs)

facilities for composting
crop residues (3)

biodigesters
(3), generation
of biogas

digestate for nutrient
cycling (4), biochar (3),
manure management (3)
digestate for nutrient
cycling (4), biowaste, crop
residues for nutrient
cycling, crop rotations,
crop selection, organic
waste as fertilizer, on-farm
compost, shrimp
wastewater for biomass
production
effluent treatments,
controlled spreading and
treatment lagoons,
improving soil fertility (8)

rainwater harvesting
structures, improved water
harvesting and storage in
small, excavated ponds

energy
efficiency
technologies

construction of facilities
for recycling and reusing
pesticide containers,
investments to improve
the value of by-products
(i.e. composters, systems
for drying, cutting, etc.
For human consumption
or animal feeding

Uruguay
Portfolio
(including
Santa Lucia)

Call for Cuenca
Santa Lucia

→

natural field fertilization
with effluents, soil
rotations, Incorporation of
new species of grasses/
plants (2), natural field
fertilization, effluent
capture (in the waiting
corral, the feed corral, the
milking room and piles of
manure), distribution and
application of organic
waste (liquid-solid)
distribution of effluent,
construction or repair of
waste management pools,
sand filtration systems,
solid waste separators,
biodigesters, Increasing
the number of milking
machines, recirculation of
effluents

water capture and
distribution, identification
of subterrestrial water for
on-farm use, reservoirs,
instillation of Australian
tanks and water troughs,
quality and quantity of
water for dairy farms,
improve the use of water on
the dairy farm,
management of effluents
rainwater recycling

*This table describes a categorization of technologies found through a literature review searching 2010-2021in Scopus, Web of Science and Agricola using the terms
“circular economy” and “technology” in the title and/or abstract. When cited more than once, the number of citations are indicated in parenthesis.
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titles and/or abstracts. Analysing the distribution of the results across
categories, the literature converges around biogas, anaerobic digestion
and associated digestate. This signals that anaerobic digestion and the
processes and outputs are a leading use of on-farm technology to boost
circularity.
Categorization of World Bank portfolio data across Latin America
showed a variety of on-farm circular technologies that governments are
proposing as potential investment options for farmers on-farm across all
categories. These include effluent spreading, controlled treatments of
lagoons, rainwater harvesting, energy-efficiency technologies, among
others. The most commonly occurring technology packages from the
PADs were those related to effluent treatment, energy efficiency tech
nologies and those related to rainwater harvesting and on-farm use.
Within the World Bank project in Uruguay, proposed investments
were selected in order to maximize biomass for nutrient cycling and onfarm water cycling. Investments in Cuenca Santa Lucia are focused on
biomass for nutrient cycling, with associated rainwater recycling and
biodigesters. Because the focus of the national program is on nutrient
cycling and effluent management, it is clear that the biodigesters
included in the Cuenca Santa Lucia investments are done so with a focus
on nutrient cycling (the digestate from the system), with the production
of energy as a co-benefit of the primary purpose.

Table 2
Contribution of Effluent Management technology to GHG and Eutrophication
reduction.
Technology

Distribution (controlled
application considering
nutrient balance)
40 cows
325 cows
Construction or repair of
waste management pools
40 cows
325 cows
Filtration systems
40 cows
325 cows
Solid waste separators
(mechanical)
40 cows
325 cows
Biodigesters (thermal
energy)
40 cows
325 cows
Increasing the number of
milking machines
(doubling)
40 cows
325 cows
Recirculation of effluents
40 cows
325 cows

3.2. Benefits of individual circular technologies
The results show that investments in a) sand filtration system, b)
solid waste separators, c) biodigesters, d) increasing the number of
milking machines, and e) recirculation of effluents all contributed to the
reduction of kilograms of carbon dioxide equivalent per year (kg CO2eq
per year) and kilograms of eutrophication potential per year (kg PO4eq
per year). Only the intervention to construct or repair the waste man
agement pools increased CO2eq emissions significantly (37 times over
the baseline, considered to be no management of manure.)
Several technologies were not impacted by herd size (filtration sys
tems, solid waste separators and recirculation of filtration systems),
while the impact of other technologies increased with herd size (distri
bution, biodigesters and construction or repair of waste management
pools). Biodigesters in particular had an efficiency that is positively
related to herd size– a farm with 40 cows had a total reduction of 43 kg
CO2eq per cow per year while a farm with 325 cows the reduction was
404 kg CO2eq per cow per year. Waste management pools contributed
significantly to GHG emissions with the highest concentration of GHG
emissions per head of cattle of all of the technologies reviewed. While
the waste management pool did contribute to kg PO4eq per year
(reducing eutrophication) it increased GHG emissions per head of cattle
per year by 788 kg CO2eq per year on a farm with 40 heads of cattle and
by 1,605 per head of cattle on a farm with 325 heads of cattle,
demonstrating that in addition to more overall emissions, larger waste
management pools also have greater emissions intensity per head of
cattle. Table 2 describes the impacts of each technology supported under
the Cuenca Santa Lucia investments.

Difference compared to
Baseline

Change per head of
cattle

kg CO2eq
year-1

kg PO4eq
year-1

kg CO2eq
year-1

kg PO4eq
year-1

− 466
− 7,682

− 535
− 9420

− 12
− 24

− 13
− 29

31,554
521,912

− 173
− 2861

789
1606

− 4
− 9

− 1450
− 34360

− 38
− 640

− 36
− 106

− 1
− 2

− 20850
− 345740

− 76
− 1254

− 521
− 1064

− 2
− 4

− 31069
− 513,890

− 455
− 7538

− 777
− 1581

− 11
− 23

− 1715
− 131451

− 41
− 3184

− 43
− 404

− 1
− 10

− 282
− 5,099

− 624
− 10319

− 7
− 16

− 16
− 32

*Rainwater recycling is excluded from this, as rainwater harvesting does not
affect effluent in the Biovalor model.

regional scale are approximately US$1.74M (84%), while the on-farm
annual benefits are demonstrated to be approximately US$339k (16%)
and the national/societal benefits are negative (Table 3).
At a national level, benefits of these technologies relate to the
reduction of GHG emissions from farms. While biodigesters, waste
management pools with separators and waste management pools with
sand filters and separators decreased GHG emissions, three of the in
vestment categories actually increased GHG emissions; these include
“other”, waste management pools and waste management pools with
sand filters. The “other” category includes subprojects that provided
technical assistance to farmers for soil rotation planning, but no actual
investments in infrastructure or manure management technology. Due
to these technologies increasing overall emissions, the contribution of
these technologies to national emissions increased total emissions.
When assessing the benefits of the technologies over 10 years with a
discount rate of 7% (a standard discount rate for manure management
technologies, Achinas and Gerrit Jan, 2019) and a fixed operations and
maintenance costs of 7% (as used by Baraldo et al. 2020), the total
economic benefits on-farm were only US$1.89M (16% of the total), but
the total economic benefits across on-farm, regional and societal cate
gories reached US$11.55M, the largest proportion of which comes from
the regional economic benefits or reducing run-off into the watershed
and the reduced cost of purifying water (US$9.69M or 84% of the total).
At the national level, because three investment categories increased
total emissions (other, only waste management pool and waste man
agement pool, sand filter), the total economic benefits of the reduction
of GHG emissions were negative (US$ − 30,672) (Fig. 3).

3.3. Economic benefits of circular technologies at multiple scales
Benefits from investments in manure management technologies in
Cuenca Santa Lucia are concentrated at the regional scale (Table 3).
Regional benefits include decreased eutrophication and the associated
decrease in water treatment costs in Santa Lucia. For effluent manage
ment technologies, the largest economic benefits are a result of the
reduction of eutrophication caused by run-off into the watershed. The
total investment by the Government was US$4.88M and this leveraged
another US$366k from private investments by farmers for a total in
vestment of US$5.25M in year one. The costs included not just the
technologies themselves, but also all of the technical assistance related
to installation and training the farmer on how to use these technologies.
Total year-one economic benefits for the reduction in pollution at the
6
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Table 3
Year 1 costs and Benefits of on-farm investments in Cuenca Santa Lucia by technology across farm, regional, and national scales.
Costs

On-farm benefits

Type of
Technology

Government
investment (93%
of total
investment)

Private
investment (7%
of total
investment)

Other investments
Only Waste
Management
Pool
Waste
Management
Pool and Sand
filter
Waste
Management
Pool and
Separator
Waste
Management
Pool, sand filter
and separator
Biodigester
Total by category
Total

− 358,520
− 826,308

a

Energy
generation
(LPG per year)

Regional Benefits
a

Natural Fertilizer
- off-set cost of
purchasing
fertilizer

Eutrophication

− 26,889
− 61,973

270
6,762

− 1,610,846

− 58,883

− 1,290,738

National Benefits
GHG
emissionsa

− 242
− 6,052

Reduced pollution in
Cuenca Santa Lucia reducing cost of
wastewater
treatment
2,447
61,190

17,157
603,969

Reduced
emissions reduced
effluent
production
− 686
− 24,159

4,081

− 3,653

36,929

225,774

− 9,031

− 120,813

103,940

− 93,027

940,531

− 581,669

23,267

- 1,130,612

- 84,796

74,542

− 66,716

674,514

- 61,665

2,467

- 167,768
¡4,879,159
-$5,245,096

- 12,583
¡365,937

2,949
192,545

− 2,640
¡172,330
$1,742,299

26,687
1,742,299

- 65,706
137,860
-$5,514

2,628
¡5,514

146,671
146,671
$339,216

Are used to calculate economic benefits, but not summed in “Total”.

Fig. 3. Lifetime benefits of Cuenca Santa Lucia investments across farm, regional and national scales (As is, color reproduction online, black and white
in print).

4. Discussion

is needed (Tan et al. 2021). By not recognizing benefits at other scales, or
categorizing the others as non-quantified co-benefits, this undermines
the multiple scales of impact of investments in on-farm circularity. These
findings have the potential to impact the way that governments go about
financing emissions reductions actions, towards their NDCs, as well as
towards the Sustainable Development Goals.

4.1. Aggregating benefits across scales for enhanced impact of circularity
The framework developed in this paper proposes that governments
consider the benefits of on-farm circular technologies across farm,
regional, and national scales, with global benefits. This is in contrast to
the notion of considering the primary impacts on-farm as the “benefit”
and the other regional and societal benefits as “co-benefits” (Mayrhofer
and Gupta, 2016). The analysis showed that the true economic benefit of
on-farm investments should be the sum of benefits across scales, from
the farm to the national level. For manure management technologies
specifically, considering only on-farm benefits can make the investment
look unattractive to farmers, which signals that government investment

4.2. On-farm circularity in cuenca Santa Lucia
The literature review revealed that the largest concentration of
technology was related to biomass for nutrient cycling and biomass to
energy. This highlighted the assertion that biomass and nutrient flows
related to livestock are key to circular food systems (Koppelmäki et al.,
2019) and the importance of manure management technologies for
7
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nutrient cycling to close loops. This underlined the choice made in this
paper to focus on manure management technologies in Santa Lucia as an
exemplary case to examine on-farm circular technologies. It also high
lights the potential for countries across Latin America to become more
circular through a more concerted focus on nutrient cycling through
improved manure management technologies.
The analysis examined data from the Santa Lucia watershed
confirmed that the benefits across on-farm, regional and national levels
were not equally distributed. Despite the location of these manure
management technologies on private farms, the majority of the benefits
were not actually private. The on-farm benefits amounted to only 16% of
benefits, while the regional benefits were 84% of total benefits and there
were no national benefits of GHG reduction (some technologies actually
increased GHG emissions). The analysis also demonstrated unequal
benefits across manure management technologies. Waste management
pools alone yielded no significant benefits, but when combined with a
separator, yielded significant benefits, especially at the regional scale.
Biodigesters, waste management pools with sand filters and separators,
and waste management pools with separators yielded benefits across all
scales. Waste management pools, waste management pools with sand
filter and other yielded modest benefits across only the on-farm and
regional scales, with a negative impact at the national scale.
Some technologies have clear advantages on-farm. For example, in
places where biodigesters can offset the cost of electricity or fuel, these
may be attractive investments to farmers (Sefeedpari et al., 2019.) Other
technologies, like manure management for the protection of water
sources, have fewer clear on-farm benefits and it may require additional
incentives to encourage farmers to use these technologies (Pan et al.
2021; Tan et al. 2021; Jansson et al., 2019). In the case of Santa Lucia,
technologies were selected that actually increase overall emissions
(waste management pool alone and waste management pool with a sand
filter.) Had the Cuenca Santa Lucia program always included a separator
and sand filter attachments in the waste management pool investments,
total emissions at the national level would not have been negative. This
analysis shows that selecting the correct type of technology for the
intended purpose will maximize the intended impact, while continuing
to yield benefits across scales. It also demonstrates that although pri
oritization of results will necessarily happen, benefits across all scales
should be considered.
There are multiple other incentives for farmers to adopt good
effluent management practices, including voluntary programs,
command-and-control regulations, and economic instruments such as
input tax, ambient tax/subsidy, government financial assistance, water
quality trading, liability rules and performance bonds (Liu et al., 2018).
Across Latin America, public resources are financing investments to help
meet national NDC goals, many through innovative new partnerships
and strategies (NDC partnership, 2020; IDB, 2021; CAF, 2021; World
Bank, 2021). In Uruguay, government financial assistance is provided
through on-farm subprojects, coupled with some command-and-control
measures regulating effluent management called “Sustainable Dairy
Management Plans” (Ministry of Livestock, Agriculture and Fisheries,
2020). Results of this study demonstrate that the combination of these
two things – subsidies and regulations- can support the adoption of
technologies that lead to emissions reductions towards national targets.
When the Government of Uruguay began investments in the Santa
Lucia watershed to reduce effluents from dairy farms, it offered subsidies
due to the assumption that farmers would not pay for the full cost of
these technologies because they did not see the benefit. Only 7% of the
total investment was private (from farmers) and the remaining 93% was
a direct subsidy from the Government through the subproject mecha
nism (Table 3). The results suggest that farmers who adopted on-farm
manure management technology in the Santa Lucia watershed would
not see a return in their investment if they were to pay for these tech
nologies without subsidy. Farmer’s challenges to pay for manure man
agement systems and lack of return on investment of these systems have
been well documented in other studies that look at the environmental-

economic trade-offs of investing in these systems (Gebrezgabher et al.,
2014; Burton, 2007; de Vos et al., 2003.) Models have been built to
examine how to weigh these trade-offs (Pohekar and Ramachandran,
2003; Gebrezgabher et al., 2014). Thus these findings are in line with
what one would expect to see from farmer-own investment in manure
management technologies.
The extent of benefits that farmers may reap from technologies have
implications for adoption (Mwangi and Kariuki, 2015; Chavas and
Nauges, 2020). It can be easier to incentivize wider-scale adoption of
technologies by farmers when the benefits concentrate at the farm level
(Kyveryga, 2019.) Where the pay-back for technology is clear, the
farmer is more willing to invest. In the same vein, when there is a clear
national benefit, there is an argument to be made for government
financing (Khatri-Chhetri et al., 2021). Co-financing investments in
circularity that have benefits at multiple scales of circularity is a way for
governments to leverage private investment in technologies that create
public goods (reduction of eutrophication and GHG emissions), while for
the farmer it is a way to acquire technology on private property that
yields some economic and sustainability benefits. This finding is widely
applicable for governments across Latin America who are looking for
ways to maximize public investments, leverage private, and trying to
meet multiple sustainability targets.
In the case of Santa Lucia, positive returns on investments were only
visible by aggregating the economic benefits across the on-farm,
regional and national scales. Given that benefits are spread across
multiple scales, this begs the question of how private farmers, govern
ments and society should finance the investment costs of these tech
nologies (Searchinger et al., 2020). Carbon credits may finance GHG
reductions at the national scale (Kitchens, 2020), though these finance
tools can be complex for individuals and even governments to access. In
the case study of Uruguay, the government has chosen to subsidize in
vestments on private farms through subprojects to yield regional bene
fits for improvements in water quality. Because in the case of Santa Lucia
economic benefits were the largest at the regional scale, investments in
these technologies could be conceptualized as investing in public goods,
instead of private ones.
4.3. Financing investments for benefits at multiple scales
In the wake of the Conference of Parties 26 (COP26) in November
2021, governments have reconfirmed their commitment to agricultural
adaptation and mitigation strategies, including circular measures
(UNFCCC, 2021) COP26 discussions involved countries from across the
globe to discuss innovative financing mechanisms for financing reduced
GHG emissions, including in Agriculture (UNFCCC, 2021) Within the
ongoing global discussions of what actors should pay for what, distri
bution of benefits across scales should be considered. This has implica
tions for the benefits that farmers receive on-farm, as well as regional,
national, and global benefits. Given the emerging global prioritization of
circular principles for sustainable food production (McCarthur Foun
dation, 2021), the ability of governments to identify technologies that
will support a shift towards closing loops on-farm is important. There
fore, the ability of governments to identify an action as circular is critical
to channel grant funding to on-farm investments in private agricultural
businesses to help meet NDCs and other targets (Circular Economy,
2021). Across Latin America, funding is being targeted to help countries
support their NDCs (World Bank, 2021; IDB, 2021; CAF, 2021) and the
identification of these technologies and benefits may help to inform
financing decisions.
Investments in circularity can contribute to achieving the 2030
Agenda for Sustainable Development, and specifically several of the
Sustainable Development Goals (SDGs) – including SDG 12 (responsible
consumption and production), SDG 14 (life below water) and SDG 15
(life on land), among others, and circularity can be a critical part of
achieving the NDCs (Sachs et al., 2019) However, to achieve this scale,
there must be a significant increase in financing for low- and
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benefit, an analysis is proposed whereby governments and policy
makers consider synergies across benefits. The ability of governments to
recognize on-farm investments as circular and consider their full range
of benefits, will ultimately help them to attract and channel financing to
achieve sustainability goals at multiple scales.

middle-income countries in the transition from a linear to a circular
model. There are ongoing global discussions on who should finance a
transition to circularity, including for on-farm technologies (Palmer,
2016). Governments from across Latin America and other regions are
supporting farmers through co-financing to sub-project investment, to
wards the achievement of their NDCs, including in the area of circular
(UNFCCC, 2020). This may be a way forward for other countries to
scale-up national investments in circular principles.
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5. Conclusion
This work examined government-financed manure management
technologies in a single watershed in Uruguay and found that only 16%
of the economic benefits of these technologies stayed on farm, while the
other 84% of the economic benefits were at the regional level in the form
of clean water to Uruguay’s capital city, Montevideo. The division of
benefits across these scales provides an economic justification for gov
ernment support to farmers to facilitate investments in on-farm tech
nologies. With farmers properly maintaining and repairing these
systems over their lifetimes, the overall investment for governments
becomes even lower. In this way, governments have the opportunity to
leverage private investment for investments on-farm that yield benefits
across multiple scales.
This paper showed that not all manure management technologies
have equal benefits. Some technologies were ineffective in isolation, but
effective when combined with other technologies. Installing only a
waste management pool on-farm increased the GHG emissions, while
installing a waste management pool combined with a separator and sand
filter decreased the GHG emissions and magnified the benefits of
reduced water pollution. Overall emissions were not reduced, due to the
combination of investments in those technologies that reduce emissions
(biodigesters, waste management pool sand filter and waste manage
ment pool sand filter and separator) and those that increase emissions
(waste management pools and waste management pools with a sepa
rator). If the investments had been focused on only technologies that
decreased GHG emissions, the total emissions, and therefore economic
benefits, of the project could have been amplified. Examining applied
technologies in this way can help governments make decisions about
how to prioritize the use of public funding to maximize benefits across
multiple scales of circularity, with implications for how governments
invest on-farm to meet their climate commitments.
Investment projects to support farmers often consider the direct
benefits to farmers, while considering all other benefits “co-benefits”.
This research demonstrates that by failing to acknowledge benefits at
multiple scales, economic analyses of individual investments may
overlook technologies with high returns across scales. Instead of using
the term “co-benefits” and considering only a portion of a technology’s
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Appendix A. Technology Framework Methodology
In March 2021 all entries were reviewed between 2010 and 2021 in Scopus, Web of Science and Agricola using the terms “Circular economy” AND
“farm” And “Technology”. Web of Science yielded 48 results, Scopus included 44 total hits and Agricola yielded 10 hits. Each result was counted only
once, even when it showed up in multiple searches. Of the results from Scopus, 24 of them were the same as included in the Web of Science hits and
were excluded from being counted again. Agricola yielded 10 hits. Of these 10, 4 overlapped with both the Scopus and the Web of Science results. The
remaining 6 were included. Finally, conferences were excluded – this was 7 conferences from the Scopus search.
The terms “Circular economy” “farm” and “technology” were used in this combination to examine the ways in which on-farm circular technologies
specifically can make the farm more circular. Although there are multiple ways that farms can be adapted to become circular, including multiple
different types of practices and methods, specifically looking at technologies as a tool for facilitating circularity. The analysis focuses specifically on
technologies, as these are the object of World Bank subprojects. Training farmers to adopt and apply new methods is categorized as technical
assistance, while the subsidy for the purchase of a new technology is the most frequent use of a subproject mechanism. For this reason, this paper uses
technology as the object of analysis.
“Categorizing Investments as Circular”.
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Call for proposals

Subproject investment

Number of
subprojects

Circular?

Loop closed

Water for production

Well
Cutwater
Virtical road
Capture and distribution

564
215
47
1354

No
No
No
Yes

Irrigation
Repairs
Pumping equipment
Other
Adjustment in number of cattle
Adjustment in feed
Identification of subterrentian water

189
99
715
338
3
14
23

No
No
No
No
No
No
Yes

Walking paths
Timing of feed
Reservoirs

4
6
5

No
No
Yes

Enbedment
Pumping equipment
Natural field fertilization
Incorporation of new species of grasses/plants
Management of weeds and exotic plants
Grass management by height
Field improvements and grass storage
Modifications to the grazing system
Mills
Others
Repair of existing watersource
Reestablishment of areas close to watersources
Irrigation
Shade for livestock
Cutwaters
Australian tanks and water troughs

61
17
16
32
11
8
32
9
2
45
6
2
2
33
20
55

No
No
Yes
No
No
No
No
No
No
No
No
No
No
No
No
Yes

Quality and quantity of water for dairy farms

73

Yes

Effluent Capture (in the waiting corral, the feed corral, the
milking room and piles of manure)
Reduce Effluent Production

667

Yes

212

Yes

Distribution and application of organic waste (liquid-solid)
Improve the use of water on the dairy farm
Others
Systemitization of the property
Genetics
Farm management
Site improvements
Improving processes of management and formilization of
business
Improving productive processes
Animal nutrition
Strengthening associations and insitutions
Others
Sanitation
Drinking water holes
Water distribution
Water Sources
Management of effluents

548
143
95
30
318
65
809
94

Yes
Yes
Yes
No
No
No
No
No

–
–
–
Water capture and redistribution on farm (on-farm
water use)
–
–
–
–
–
–
Water capture and redistribution on farm (on-farm
water use)
–
–
Water capture and redistribution on farm (on-farm
water use)
–
–
Using biomass for nutrient cycling
–
–
–
–
–
–
–
–
–
–
–
–
Water capture and redistribution on farm (on-farm
water use)
Water capture and redistribution on farm (on-farm
water use)
Effluent cycling (using biomass for energy, using
biomass for nutrient cycling)
Effluent cycling (using biomass for energy, using
biomass for nutrient cycling)
Effluent cycling (using biomass for nutrient cycling)
On-farm water use
Effluent Cycling and water use
–
–
–
–
–

1330
624
24
159
191
171
472
406
229

No
No
No
No
No
No
Yes
Yes
Yes

Irrigation
Biodiversity on natural grassland
Biodiversity on natural hillsides
Other Natural resources
Soil erosion
Soil rotations

50
805
47
902
492
604

No
No
No
No
No
Yes

Investments for Dairy
Farmers

Investments in Santa
Lucia

Investments for cattle
ranchers

–
–
–
–
–
–
On-farm water use
On-farm water use
Effluent Cycling (using biomass for energy, using
biomass for nutrient cycling)
–
–
–
–
–
using biomass for nutrient cycling

Appendix B. Contribution of Effluent Management technology to GHG and Eutrophication reduction
This table uses the entire data set from the World Bank/Government of Uruguay investments through the Sustainable Management of Natural
Resources and Climate Change project (DACC) in the Cuenca Santa Lucia watershed in Uruguay. It includes 759 technologies supported by 299
subprojects in the Cuenca Santa Lucia under the World Bank DACC project. Data from 2021 from the National Milk Institute (INALE) demonstrated the
size of a family farmer versus a larger farmer and the average production of milk L/VO-day of a family farmer versus a larger farmer. The data was run
with the following parameters for a family farmer and a larger farmer. The results are displayed in Table 2.
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Average Large Farm.

Characterization of Productive System
Number of milk-producing cows:
Average weight of milk-producing cows:
Number of milking machines:
Average production of milk:
Digestibility factor:
Number of milking sessions per day:
Number of farms:
Deadtime when preparing the milking room:
Number of minutes milking each cow:
Average family farm

325
550
8
20
75
2
1
30
6

kg
L/VO⋅day
%
min
min

Characterization of Productive System
Number of milk-producing cows:
Average weight of milk-producing cows:
Number of milking machines:
Average production of milk:
Digestibility factor:
Number of milking sessions per day:
Number of farms:
Deadtime when preparing the milking room:
Number of minutes milking each cow:

40
550
8
14
75
2
1
30
6

kg
L/VO⋅día
%
min
min

The indicator looking at the number of milking machine keeps everything else constant but doubles the number of milking machines.

Charaterization of Productive System
Number of milk-producing cows:
Average weight of milk-producing cows:
Number of milking machines:
Average production of milk:
Digestibility factor:
Number of milking sessions per day:
Number of farms:
Deadtime when preparing the milking room:
Number of minutes milking each cow:

40
550
16
14
75
2
1
30
6
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kg
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