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A B S T R A C T

The dairy industry is a significant contributor to global greenhouse gas emissions (GHG). Although much effort 
has been directed to explore the cost-effective measures for many sectors such as electricity, building infra
structure, transportation, research on mitigation measures within dairy industry remains limited. A notable 
obstacle is the absence of a cost-effectiveness analysis (CEA) framework to guide decision-makers and practi
tioners in this sector. In response, we propose a comprehensive CEA framework tailored to mitigate GHG 
emissions in the dairy industry. Our conceptual framework consists of six steps: defining the system boundary to 
determine the activities generating GHG emissions; identifying GHG emission sources within the system 
boundary; identifying potential mitigation measures; determining methods to quantify GHG emissions; collecting 
data to estimate both GHG emissions and mitigation costs; and applying general econometric methodologies to 
analyze the cost-effectiveness of mitigation measures. We further conducted a case study focusing on dairy farms 
in China, analyzing three categories of mitigation measures: feed, energy, and manure management. The results 
indicate that implementing effective feed and energy measures is a cost-saving strategy, reducing the cost per 
unit of milk production. Conversely, adopting effective manure management measures may lead to increased 
costs for dairy farms. The findings offer strategic recommendations for reducing GHG emissions from dairy 
production in China and provide analytical insights and strategic references applicable to other developing 
countries.

1. Introduction

Achieving the goal of limiting global temperature rise to well below 
2 ◦C is quite challenging and requires substantial efforts from all sectors. 
To date, primary attention has been directed toward mitigating green
house gas (GHG) emissions from fossil fuel combustion in electricity 
generation, transportation, and industrial processes (Clark et al., 2020). 
However, it is crucial to recognize that the global food system is a major 
source of GHG emissions, contributing approximately 30% of annual 
anthropogenic emissions during the 2007 and 2016 (IPCC, 2019). Un
fortunately, this sector has been relatively overlooked. Clark et al. 
(2020) highlighted that even if fossil fuel emissions were immediately 
halted, the current trends in global food systems would prevent 

achieving the 1.5 ◦C target and would threaten the achievement of the 
2 ◦C target by the end of the century. Encouragingly, in the latest sub
missions to the Paris Agreement in 2021, encompassing 165 nationally 
determined contributions (NDCs) from all 192 participating parties, 
81% of these NDCs incorporate mitigation measures in the agricultural 
sector (Crumpler et al., 2021).

The dairy sector is a main contributor to GHG emissions within the 
livestock domain. Livestock supply chains account for 14.5% of 
anthropogenic GHG emissions in the broader context of the global food 
system (FAO, 2017). Of these emissions, cattle, including both beef and 
milk production, contributed approximately two-thirds for the total 
emissions in 2010 (FAO, 2017). Dairy production systems are complex 
sources of GHG emissions, primarily releasing methane (CH₄), nitrous 
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oxide (N₂O), and carbon dioxide (CO₂) (FAO and GDP, 2018). Notably, 
GHG emissions from the dairy sector are expected to increase due to the 
anticipated growth in meat and milk consumption, driven by projections 
of global population expansion and increased income (FAO and GDP, 
2018).

Previous studies have demonstrated the significant potential for 
reducing GHG emissions within the dairy industry (Gerber et al., 2013). 
Various measures have been identified as effective in reducing GHG 
emissions across all stages of the dairy industry, from feed production 
and dairy farming to dairy processing and consumption. In feed pro
duction, optimizing fertilizer inputs, increasing fertilization efficiency, 
using chemical inputs, and implementing land conservation measures 
such as cover cropping are considered effective in reducing GHG emis
sions (Gryze et al., 2010; Jian et al., 2020). Mitigation measures tar
geting dairy farming has garnered significant attention. These strategies 
are categorized into four main areas: diminishing emissions from enteric 
fermentation, enhancing manure management, increasing animal 
fertility and productivity, and improving energy management (Beldman 
et al., 2021; Gerber et al., 2013; Lovarelli et al., 2022; Tullo et al., 2019; 
Warner et al., 2017). Furthermore, implementing diversification stra
tegies at the production system level has also been shown to effectively 
reduce GHG emissions (O’Brien et al., 2023). During the processing 
stage, improving energy management has been recognized as an 
important measure (Xu and Flapper, 2011), such as continuous assess
ment of energy use and the application of energy-efficient equipment. In 
the dairy consumption phase, changing consumers’ dietary structures, 
advocating for low-carbon consumption concepts, and incentivizing the 
purchase of low-carbon products have shown potential in reducing GHG 
emissions (Burke et al., 2023; Edjabou and Smed, 2013; Herrero et al., 
2016).

It is worth noting that reducing GHG emissions can often be costly 
and may threaten both food security and farm profitability (Havlík et al., 
2014). Dairy products are a rich and essential source of nutrients, 
playing a crucial role in maintaining a healthy and nutritious diet. With 
the rising global demand for animal-sourced protein, the dairy industry 
is critical to ensuring food security and alleviating poverty (FAO and 
GDP, 2018). Therefore, mitigation measures in the dairy sector should 
ideally minimize socioeconomic and environmental trade-offs.

Determining the economically optimal mitigation strategies requires 
understanding the costs associated with GHG emissions reduction. Cost- 
effectiveness analysis (CEA) is a valuable decision-making tool that aids 
in identifying the most economically efficient means to achieve specific 
objectives or estimate the costs involved in attaining particular out
comes (Tietenberg and Lewis, 2001). In the context of climate change 
mitigation, CEA is employed to evaluate and rank the performance of 
various mitigation measures based on their cost-effectiveness in 
reducing GHG emissions and limiting global temperature rise. Measures 
with lower abatement costs (or costs below the carbon price) are 
considered cost-effective and economically efficient for society to 
implement (Eory et al., 2015). Currently, CEA has been extensively 
applied to assess the expenses associated with GHG mitigation across 
various sectors, including electricity (Jiang et al., 2020; Sims et al., 
2003; Sotiriou et al., 2019), building infrastructure (Hoogwijk et al., 
2010; Teamah et al., 2022; Zhang et al., 2020), agricultural practices 
(Fellmann et al., 2021; Macleod et al., 2015; Moran et al., 2011; Sapkota 
et al., 2019) and transportation systems (Kok et al., 2011; Wu et al., 
2024). By applying CEA to GHG mitigation measures, governments and 
relevant stakeholders can optimize resource allocation by prioritizing 
the implementation of more cost-effective measures within 
climate-related policies and programs.

However, CEA studies focused on assessing the economic feasibility 
of mitigation measures in the dairy industry remains limited. Existing 
CEA research primarily addresses GHG mitigation in dairy production. 
These studies typically establish a unified baseline farms using national 
or regional statistics or average farm data collected through field sur
veys. Some of studies directly estimate changes in GHG emissions and 

associated costs resulting from the adoption of mitigation measures by 
making stringent assumptions on specific actions, input prices, and 
changes within the production system under these measures (Cantillon 
et al., 2024; Doreau et al., 2014; Duffy et al., 2021). Other researchers 
have utilized bio-economic models, setting empirical parameters to 
simulate farm production and operational activities (Adler et al., 2013; 
Cecchini et al., 2018; Dutreuil et al., 2014; Huber et al., 2023; Mosnier 
et al., 2019; Van Middelaar et al., 2014). By simulating farm activities 
under targeted mitigation measures within specific agronomic and 
economic constraints, the models aim to maximize profitability while 
providing insights into GHG emissions and farm profitability, thereby 
assessing the cost-effectiveness of these mitigation measures.

While existing CEA studies have endeavored to assess the economic 
viability of mitigation measures in the dairy industry, a comprehensive 
CEA framework tailored to this sector is notably absent. Current 
research provides relatively approximate estimates and relies heavily on 
broad assumptions regarding specific measures and changes within the 
dairy production system. Additionally, these studies often overlook the 
significant heterogeneity among dairy farms. Furthermore, much of the 
existing research focuses on developed countries, requiring highly 
detailed empirical and statistical data. Therefore, establishing a 
comprehensive CEA framework is critical to support further studies that 
offer more robust empirical evidence on the economic feasibility of 
various mitigation measures in the dairy industry.

The contribution of this study is the development of a general 
econometric framework for the CEA of GHG mitigation measures in the 
dairy industry. We highlight the importance of analyzing the cost- 
effectiveness of mitigation measures using micro-level data and actual 
adoption behaviors. The framework facilitates a more realistic estima
tion on cost-effectiveness of mitigation measures by accounting for the 
heterogenous characteristics and diverse production activities of indi
vidual implementers under real market conditions. Utilizing such an 
analytical framework helps ensure that the substantial expenditure 
involved in public and private mitigation programs deliver value for 
money. Based on this framework, we conducted a case study of Chinese 
dairy farms, providing valuable quantitative evidence on the mitigation 
costs associated with feed, manure, and energy management measures. 
The findings offer practical insights for the dairy industry in China and 
other developing countries to achieve emission reduction targets 
economically and efficiently.

2. A framework for CEA of GHG mitigation measures in dairy 
industry

We propose a CEA framework for GHG emission mitigation measures 
in the dairy industry based on existing literature (e.g. CC-ME, 2019; 
Defra, 2004; IPCC, 2007). This framework employs a generalized 
econometric methodology and relies heavily on micro-level data 
collected through field surveys (see Fig. 1).

2.1. Step 1: defining the system boundary

The definition of the system boundary is largely contingent on the 
study’s overarching objectives and should adhere to the principles of the 
Life Cycle Assessment (LCA) approach. LCA is a widely utilized method 
in previous studies to assess the environmental impacts of production 
processes and identify resource-intensive and emission-intensive stages 
within a product’s life cycle (FAO, 2010). To conduct a CEA for the 
whole dairy industry, four main subsystems below collectively form the 
comprehensive system boundary for evaluating the environmental and 
economic implications of GHG mitigation measures (see Fig. 2) (Duffy 
et al., 2021; FAO, 2010; Feng and Kebreab, 2020):

1) Feed production. This subsystem involves the primary production 
activities of crop and feed additive production. The main inputs for these 
activities are water, energy, fertilizer, and pesticide, with the outputs 
primarily being used as feed and transported to the milk production 
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stage. 2) Dairy farming. Cow management, milk extraction, and manure 
management are the main production activities in this subsystem, 
requiring fuel, electricity, and refrigerants. The main outputs are raw 
milk and beef, which proceed to the processing stage. Additionally, 
manure can be used as fertilizer for crop production. 3) Dairy process
ing. This stage involves activities such as processing, packaging, and 
transportation of dairy products, which require various types of energy, 
including fuel and electricity. 4) Dairy consumption. This sub-system 
encompasses consumer activities such as transportation to purchase 
the product, food storage and preparation, management of food waste, 
and handling of packaging materials. These activities require the use of 
fuel, electricity and natural gas.

2.2. Step 2: identifying GHG emission sources

In accordance with the system boundary, the subsequent step in
volves identifying the sources of GHG emissions arising from the pro
duction activities within the boundary. This foundational step is crucial 
for pinpointing mitigation measures and conducting the subsequent 
CEA. According to the FAO report titled “Greenhouse Gas Emissions 
from the Dairy Sector” (FAO, 2010), the main GHG emissions and 
related sources in the major production stages are as follows:

During feed production and transportation to dairy farms, nitrogen 
fertilizer production is a major source of CO2 emissions. The production 
and manufacturing of pesticides are energy-intensive process that emit 
CO2, CH4, and N2O. The application of manure and chemical fertilizers 

Fig. 1. Cost-effectiveness Analysis framework for mitigation measures in the dairy industry.
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to crops, as well as the deposition of manure and urine, can generate 
both direct and indirect N2O emissions. Field operations, the drying and 
processing of feed crops and fodder, and irrigation (including water 
pumping and conveyance) are significant sources of CO2 emissions due 
to their energy use. Additionally, the transportation of feed from pro
duction sites to dairy farms generates substantial GHG emissions. Land 
use changes, particularly deforestation over the past 20 years, have 
resulted in changes in carbon stocks of the land, contributing further to 
emissions (IPCC, 2006). These changes in carbon stocks can also lead to 
nitrogen losses.

Dairy farms are the most significant contributors to global warming 
within the dairy sector, accounting for approximately 80% of the total 
carbon footprint (CF) associated with dairy products (Guzmán-Luna 
et al., 2022). During dairy farming, enteric fermentation by dairy cows is 
the primary source of CH4 emissions. Secondly, manure storage and 
management generate N2O and CH4 emissions. The third major source of 
emissions is the energy used throughout the entire operation of dairy 
farms.

In dairy processing, the main GHG emissions arise from the pro
cessing activities of dairy products, transportation, and energy use. 
Transportation activities include the movement of milk and animals to 
dairies and slaughterhouses, as well as the distribution of processed 
products to retail points. Additionally, the production of packaging, 
energy use, and refrigerants leakage contribute significantly to GHG 
emissions.

Lastly, during dairy consumption, GHG emissions are primarily 
generated from consumers activities such as transportation, food stor
age, and preparation. Dairy waste and the handling of packaging also 
contribute to GHG emissions.

Among the diverse sources of GHG emissions in the dairy industry, 
the major contributions come from dairy farming and feed production. 
These include enteric fermentation during cattle digestion, urine depo
sition on pasture, manure storage, and the application of nitrogen fer
tilizer and manure to crops and pastures (Eckard et al., 2010).

2.3. Step 3: identifying potential mitigation measures

In this phase, it is essential to identify feasible mitigation measures 
tailored to the specific GHG-emitting activities and sources. Based on an 
extensive literature review, an initial list of potential mitigation mea
sures should be created, including as many options as possible. For the 
dairy industry, existing literature has investigated GHG emissions across 
various stages, including feed production, dairy farming, processing, 

and consumption. Numerous mitigation measures have been studied 
and shown potential in mitigating GHG emissions (a comprehensive 
literature review of these measures and their effectiveness is provided in 
Supplementary Materials A). The conclusions of these studies are based 
on specific regional environments and rigorous experimental conditions. 
Therefore, whether potential mitigation measures can be incorporated 
into CEA requires further discussion and screening.

A screening process can be conducted through either individual 
evaluator assessments or expert discussions. The ultimate objective is to 
develop a comprehensive inventory of mitigation measures to support a 
subsequent formal CEA. Many criteria can be considered for screening 
these measures, including abatement potential, practical feasibility, risk 
of negative co-effects, and availability of pertinent data (Eory et al., 
2013; Moran et al., 2011).

2.4. Step 4: determining methods to quantify GHG emissions

Identifying the estimation method for GHG emissions is a prerequi
site for subsequent data collection and CEA of mitigation measures. The 
2006 IPCC Guideline for National Greenhouse Gas Inventories (IPCC, 
2006) are widely recognized as a reliable reference for estimating GHG 
emissions. These guidelines provide general methodologies for esti
mating GHG emissions and specific references for calculating emissions 
in five areas: energy, industrial processes and product use (IPPU), 
agriculture, forestry and other land use (AFOLU), and waste. The GHG 
emissions of main sources in the dairy industry can be estimated using 
the methods outlined in the IPCC 2006 guidelines. For example, energy 
use in the production, processing, and transportation phases of the dairy 
industry can be estimated using the IPCC’s energy section. Additionally, 
the IPCC’s AFOLU section provides methods for estimating GHG emis
sions from feed production, enteric fermentation in dairy farming, and 
manure management.

The IPCC (2006) delineates three tiers of methodologies for esti
mating GHG emissions, each representing a different level of method
ological complexity. Tier 1 serves as the fundamental method, utilizing 
readily available national or international statistics along with default 
emission factors and additional parameters provided by the IPCC. Tier 2 
methods are of intermediate complexity, requiring more specific data for 
developing emission factors and the collection of detailed activity data. 
In contrast, Tier 3 methods are the most intricate and demanding, 
involving the use of sophisticated models that consider a broader array 
of factors to estimate emission factors accurately.

The selection of suitable methods primarily hinges on the importance 

Fig. 2. A system boundary for the whole dairy value chain.
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of GHG emission sources and the availability of data. The importance of 
a GHG emission source is determined by its impact on a country’s overall 
inventory of GHG, both in terms of the absolute level of emissions and 
removals. As the importance of the emission source increases, it is 
advisable to employ higher-tier methods for estimation. Regarding data 
availability, when more detailed data can be obtained, Tier 2 or Tier 3 
are typically selected. The IPCC 2006 guidelines offer recommendations 
regarding the selection of estimation methods. For instance, GHG esti
mation related to enteric fermentation typically utilizes Tier 2 or Tier 3 
methods.

According to the IPCC 2006 guidelines, taking dairy farming as an 
example, we introduce the main inputs that affect the calculation of 
GHG emissions from enteric fermentation and manure management. 
Regarding enteric fermentation, in Tier1 methods, methane emissions 
are determined by the cattle population and a default emission factor. In 
Tier 2 methods, the emission factors for each category of dairy cattle are 
estimated based on their gross energy intake and methane conversion 
factor for the category. Regarding manure management, in Tier 1 
methods, methane emissions are estimated based on the cattle popula
tion and a default emission factor influenced by the average annual 
temperature. In Tier 2 methods, the calculation of methane emission 
factors is affected by manure characteristics and manure management 
system characteristics. Manure characteristics include the amount of 
volatile solids produced and the maximum methane production poten
tial of the manure. Manure management system characteristics encom
pass the types of systems used to manage manure and a system-specific 
methane conversion factor.

2.5. Step 5: collecting data

A panel dataset consisting of time-series data for a large cross- 
sectional sample is required before analyzing the cost-effectiveness of 
mitigation measures. The repeated observations for each sample allow 
the researcher to estimate distinct intercepts for each cross-sectional 
sample, thereby capturing unobserved heterogeneity through these in
tercepts. To assess the impact of mitigation measures on GHG emissions 
and costs, the panel data should span time points both before and after 
the implementation of the measures.

Data collection should aim to estimate GHG emissions and costs. The 
estimation methods for GHG emissions specify the data required. In Tier 
1, the data consist of emission factors and activity data. In Tier 2, the 
data include country or nation-specific parameters and specific activity 
data. These parameters could be commissioned by a qualified profes
sional organization for testing or derived from data published by na
tional or local competent authorities. The activity data can be obtained 
from national or international statistics or field surveys. For instance, in 
the case of enteric fermentation in dairy farming, the activity data for 
Tier 1 would be the total cattle population, while for Tier 2, it would 
include the population, feed formula and intake levels for every cattle 
category. In Tier 3, sophisticated models are developed, incorporating 
additional country-specific information. For enteric fermentation, this 
includes detailed diet composition, concentration of products arising 
from ruminant fermentation, seasonal variation in animal population or 
feed quality and availability, and possible mitigation strategies. Many of 
these estimates would be derived from direct experimental measure
ments or monitoring data.

The cost calculation encompasses the net additional variable and 
fixed costs. Variable costs include inputs like feed, fertilizer, labor, 
health, maintenance, transport, and services. Additionally, any supple
mentary returns resulting from the implementation of mitigation mea
sures should be taken into account, such as the benefits derived from 
biogas power generation. Fixed costs involve investments in infra
structure and machinery, including financial expenses and depreciation. 
These costs are incorporated into the financial calculations and assumed 
as the amortization of initial expenses. It is important to establish a base 
year for costs and adjust prior costs based on inflation rates.

2.6. Step 6: analyzing cost-effectiveness

In this step, we propose a general econometric methodology to 
conduct a CEA. Given the available cross-section data over time, 
regression methods are appropriate methodologies for evaluating the 
cost-effectiveness of mitigation measures. To calculate the cost- 
effectiveness of mitigation measures, the following regressions need to 
be estimated: 

Costirt =α0 + α1Tirt + λXirt + σir + γrt + ϵirt 

GHG emissionirt = β0 + β1Tirt + ωXirt + θir + ηrt + δirt 

Where Costirt is the cost per ton of milk production for sample i in region 
r during year t, GHG emissionirt is the GHG emissions per ton of milk 
production from sample i in region r during year t. Tirt, are vectors of t 
mitigation measures variables. If the sample i implemented the mitiga
tion measures, then Tirt = 1, otherwise as opposed to Tirt = 0. The same 
applies to other mitigation measures. Xirt is a set of characteristics of 
sample i. Taking dairy farms as examples, the characteristics to be 
included in the analysis comprise types of farm organization, farm milk 
production, farm herd size, methods of farming husbandry. The pa
rameters α1 and β1 measure the impacts of mitigation measures on GHG 
emissions and costs. σir and θir are region fixed effects; γrt and ηrt are 
state-by-year fixed effects; ϵirt and δirt are error terms.

Then, for a mitigation measure Tirt , the cost-effectiveness ratio can 
be estimated as: 

CER=
ΔCost

ΔGHG emissions
=

α1

β1 

3. A case study of dairy farms in China

Applying the aforementioned analytical framework, this section 
embarks on a case study of dairy farms in China to identify cost-effective 
mitigation measures.

3.1. Data and method

3.1.1. Data collection and description
The empirical analysis is based on farm-level data from a cross- 

sectional survey conducted in May 2023 in three prominent provinces 
in China: Inner Mongolia, Yunnan, and Heilongjiang. These provinces 
collectively represent major milk production hubs, contributing to 
33.7% of the nation’s total milk output in 2021(National Bureau of 
Statistics, 2023). A stratified random sampling technique was employed 
to selected dairy farm samples. In Inner Mongolia, the study focused on 
four cities with significant pastoral regions, namely Hohhot, Baotou, 
Bayannur, and Ulanqab, and 20 dairy farms were randomly selected in 
each city. In Yunnan province, Dali Prefecture was prioritized as the 
survey site due to its prominence as one of the most vital milk produc
tion hubs, with a random selection of 10 dairy farm samples. The Hei
longjiang province presented a unique scenario, with dairy farms 
dispersed across various locations. Consequently, we initially identified 
four cities—Qiqihar, Heihe, Suihua, and Harbin—and then judiciously 
employed a random sampling approach to select 1–2 samples from each 
city. Through this meticulous process, we successfully accumulated a 
comprehensive collection of 97 samples spanning three provinces.

A structured survey questionnaires was developed to facilitate data 
collection. For each selected dairy farm, face-to-face interviews were 
conducted with managerial representatives. In the case study of Chinese 
dairy farms, we followed the principles of LCA and defined the boundary 
of the analysis system as the dairy farm gate. Within this system, the 
main sources of GHG emissions are enteric fermentation, manure man
agement, and energy use. To calculate the emissions of these three types 
of GHG emissions, we investigated the production activity data of dairy 
farms for 2022 as follows: For enteric fermentation, the data collected 

S. Li et al.                                                                                                                                                                                                                                        Journal of Environmental Management 370 (2024) 122521 

5 



includes the number, weight, purchase and sale, feed formula, feed 
usage, and conventional nutrient content of feed for cattle of each type 
raised; For manure management and energy use, the treatment methods 
and time of manure, effluent, mixtures, and the types and amounts of 
energy used are included. To calculate the operational costs of dairy 
farms and analyze the cost-effectiveness of mitigation measures, the 
questionnaire survey further collected data including the type of dairy 
farm, milk production, implementation of mitigation measures, feed 
purchase price, annual feed usage, investment in manure treatment fa
cility construction and related maintenance costs, energy equipment 
investment and related maintenance costs, and energy prices. Before the 
formal investigation, a pilot study was executed in Beijing, which yiel
ded improvements in the questionnaire design.

The detailed description of the selected dairy farms is shown in 
Table 1. The total sample comprises 97 dairy farms, encompassing 76 
enterprises and 21 smallholders. Overall, the sampled dairy farms 
exhibit a relatively large scale of operation, resulting in a high level of 
milk production. The average number of cattle and lactating cows stand 
at 1722.5 heads, 599.2 heads, respectively. The total milk production for 
all dairy farms was 6309.6 tons, with an average yield of 8.7 tons per 
lactating cow. In comparison, the breeding scale and production ca
pacity of dairy enterprises are notably higher than those of smallholders. 
This discrepancy suggests that dairy enterprises may possess superior 
cow breeds, breeding techniques, and management practices compared 
to smallholders. From the perspective of production inputs on the dairy 
farms, it is evident that enterprises have significantly higher labor and 
energy inputs compared to smallholders, while their feed inputs are 
lower. The larger scale of production in enterprises implies a greater 
need for infrastructure, equipment, and a higher labor force involve
ment in production management activities. Meanwhile, the lower feed 
input indicates superior feed utilization efficiency within these 
enterprises.

3.1.2. Method
In accordance with the developed CEA framework, the initial step 

involved delineating the system boundary of this study, which was 
established at the dairy farm gate. Drawing insights from a compre
hensive literature review and expert consultations, three primary sour
ces of GHG emissions were identified for Chinese dairy farms: enteric 
fermentation, manure management, and energy use. Consequently, 
integrating insights from the aforementioned review and consultations 
with Chinese experts, tailored lists of potential mitigation measures 
were formulated for each source. These measures were specifically 
categorized as feed management measures, manure management mea
sures, and energy management measures (more detail definition of 
mitigation measures are provided in Supplementary Materials B).

Feed management measures. Four measures are included: forage 
quality, concentrate inclusion, adding inhibitors and oilseeds. Forage 
quality is measured by the proportion of whole plant corn silage in the 
forage of lactating cows, categorized into three levels (diet dry matter 
basis): low level (less than 50%), medium level (50% to 70%), and high 

level (more than 70%). Concentrate inclusion is measured by the pro
portion of concentrate in the feed diet of lactating cows, categorized into 
three levels (diet dry matter basis): low level (less than 35%), medium 
level (35% to 50%), and high level (more than 50%). Both adding in
hibitors and oilseeds are assessed by determining whether the dairy 
farms have added inhibitors and oilseeds in feed diet.

Energy management measures. Two measures are included in the 
CEA analysis: energy intensity and energy structure. Energy intensity is 
measured by the amount of energy used per unit of milk production. 
Three levels of energy intensity (low, medium, high) are generated by 
dividing the distribution of energy intensity into three groups, each 
containing a third of the population. Energy structure is measured by the 
proportion of energy provided by diesel oil in the total energy per unit of 
milk production. Similarly, three levels of energy structure (low, me
dium, high) are generated by dividing the distribution of the percentage 
of energy use from diesel oil in the total energy use per unit of milk 
production.

Manure management measures. Six manure management mea
sures are analyzed: returning to farmland directly, storage with cover, 
storage with no covers, composting only, composting after/and storage, 
and recycling for cow bedding. These measures are assessed by inquiring 
which of the above measures the dairy farms have implemented in their 
manure management.

GHG emissions and costs were derived from survey data collected 
from dairy farms. For GHG emissions, the calculation encompassed CH₄ 
emissions from enteric fermentation and manure management, direct 
and indirect N2O emissions from manure management, and CO2 emis
sions from energy use on dairy farms. The methodology aligns with 
guidelines from IPCC (2006) and Wei et al. (2024). The diverse GHG 
emissions are consolidated using equivalence factors in terms of CO2-e 
over a 100-year time horizon: 1 for CO2, 27 for CH4, and 273 for N2O, as 
stipulated by IPCC (2021). Concerning costs, three categories were 
estimated—feed inputs, manure management, and energy use. Feed 
input costs were computed based on feed formulas and related prices for 
all cow types. Manure management costs were calculated based on the 
method of manure treatment, fixed investments in facilities and equip
ment, estimated service life, annual maintenance fees, annual labor 
costs, and material investment. Energy costs were estimated considering 
the types, usage, and prices of all energy used on dairy farms. Following 
LCA principles, the GHG emission intensity and management costs of a 
dairy farm are expressed per functional unit—1 ton of fat- and 
protein-corrected milk (FPCM). Specifically, the calculated sum of GHG 
emissions is presented in tons of CO₂-e per ton of FPCM, and the man
agement costs are expressed as the cost per ton of FPCM.

Finally, we estimate the economic regression models as below: 

Costir,m =α0 +
∑

n
αnmTirn,m + λmXir + σr + ϵir,m (1) 

GHG emissionir,m = β0 +
∑

n
βnmTirn,m + ωmXir + ηr + δir,m (2) 

Where Costir,m, GHG emissionir,m represent the costs and GHG emissions 
per ton of FPCM for each dairy farm i in region r, and Tirn,m are vectors of 
mitigation measures variables applied by each dairy farm i in region r. 
The indicator m refers to the three management stages, namely feed 
management (m = 1), manure management (m = 2) and energy man
agement(m = 3), and the indicator n refers to each mitigation measure n 
of m management stages. When m indicates feed management, Costir,m 

and GHG emissionir,m refers to feed costs and GHG emissions from 
enteric fermentation for each dairy farm i, and Tirn,m are vectors of four 
feed management measures variables, including forage quality, 
concentrate inclusion, adding oilseeds, and adding inhibitors. When m 
indicates manure management, Costir,m and GHG emissionir,m refers to 
costs and GHG emissions from manure management for each dairy farm 
i, and Tirn,m contain six dummy variables of manure management 
measures, including returning to farmland directly, storage with covers, 

Table 1 
Description of the characteristics of dairy farms

<!––Col Count:4––>Variables All sample Enterprises Smallholders

Number 97 76 21
Total stock of cattle (per farm) 1,722.5 2,184.7 49.7
Stock of lactating cows (per farm) 599.2 761.4 12.1
Total milk yield (ton/farm) 6,309.6 8,063.7 44.6
Milk yield per lactating cow(ton/cow) 8.7 9.5 5.7
Number of workers in farm (per farm) 35.7 44.5 2.5
Feed input (ton/ton milk) 5.7 5.1 7.8
Feeding expenditure (USD/ton milk) 1092.6 1074.1 1158.0
Energy input (kW⋅h/ton milk) 784.2 854.5 536.5
Energy expenditure (USD/ton milk) 46.6 49.3 37.5

Note: 1 USD = 7.27 RMB (accessed on July 23, 2024), the same below.
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storage without covers, composting only, composting after/and storage, 
and recycling for cow bedding. The benchmark group is defined as those 
who recycle manure for bow bedding. When m indicates energy man
agement, Costir,m and GHG emissionir,m refers to costs and GHG emissions 
from energy management for each dairy farm i, and Tirn,m are vectors of 
two energy management measure variables: energy intensity and energy 
structure, respectively. αnm and βnm are the coefficients of the interest to 
be estimated, capturing the impact of each mitigation measure n on costs 
and GHG emissions, respectively.

Xirt is a set of characteristics of dairy farms, including type of dairy 
farms, province, total cattle stock, the proportion of lactating cows, total 
milk production in logarithmic form, lactating cow yield, forage to 
concentrate ratio of dairy farms, the proportion of corn silage in forage 
of dairy farms, and number of used energy type. σr and ηr are region 
fixed effects to control for fixed differences between provinces. ϵir and δir 
are error terms. Table 2 shows the statistics description of all variables in 
model estimations.

Therefore, in m management stage, the cost-effectiveness ratio (CER) 
of a mitigation measure Tirn,m can be estimated as: 

CER Tirn,m =
ΔCost

ΔGHG emissions
=

αnm

βnm 

3.2. Results

Table 3 presents the Ordinary Least Squares (OLS) results on the 
impact of feed management measures on GHG emissions from enteric 
fermentation and feed management costs.1 Column 1 indicates that 
improving concentrate inclusion and enhancing forage quality in the 
feed diet of lactating cows are significantly associated with GHG emis
sions from enteric fermentation, with the latter having a more sub
stantial mitigation effect. Dairy farms with high forage quality emit 
0.289 tons less CO₂-e per ton of FPCM compared to those with low forage 
quality. It suggests that increasing the proportion of corn silage in forage 
from less than 50% to more than 70% can notably reduce GHG emis
sions. Additionally, farms with medium concentrate inclusion (35% to 
50%) reduce GHG emissions by 0.179 tons of CO₂-e per ton of FPCM 
compared to those with low concentrate inclusion (less than 35%). The 
impact of adding feed supplements like inhibitors or oilseeds on GHG 
emissions is not significant. The possible explanation is that the miti
gation effect of adding supplements might be linked to the quantity 
used, which warrants further investigation in future studies.

Column (2) and Column (3) illustrate the impact of feed management 
measures on feed costs and the abatement cost for effective measures. 
The results demonstrate that improving forage quality and increasing 
concentrate inclusion can not only effectively reduce GHG emissions 
from enteric fermentation but also yielding cost savings in feed man
agement for dairy farming. Specifically, farms with high forage quality 
incur feed costs that are 156 USD lower per ton of FPCM compared to 
those with low forage quality. This implies that improving forage quality 
from a low level (less than 50%) to a high level (more than 70%) can 
result in a savings of 540 USD per ton of CO₂-e reduction. Similarly, for 
concentrate inclusion, dairy farms with a medium level of concentrate 
inclusion have feed management costs that are 58 USD lower per ton of 
FPCM compared to those with a low level. Consequently, improving 
concentrate inclusion from a low level (less than 35%) to a medium level 
(35% to 50%) can save 325 USD per ton of CO₂-e reduction.

The modelling results of energy management measures are shown in 
Table 4. The results indicate that reducing the energy intensity of dairy 
farms and the use of diesel oil can significantly decrease GHG emissions 
from energy use. Specifically, compared to farms with the highest en
ergy intensity, those with low and medium energy intensity emit 0.600 

tons and 0.515 tons of CO₂-e less per ton of FPCM, respectively. These 
findings highlight that improving the energy efficiency of dairy farms 
and reducing energy use per unit of product can serve as effective 
mitigation measures. Regarding energy structure, decreasing the pro
portion of diesel oil use is associated with a reduction in GHG emissions. 
Farms with a medium level of diesel oil use emit 0.192 tons of CO₂-e per 
ton of FPCM more than farms with a low level of diesel oil use. This 
underscores the importance of carefully considering adjustments to the 
energy use structure of dairy farms as a potentially effective mitigation 
measure.

From the perspective of abatement costs, both reducing energy in
tensity and altering energy structure are cost-effective measures. 
Compared to farms with high energy intensity, those with low and 
medium energy intensity can save 143 USD and 132 USD in energy costs 

Table 2 
Statistics description of variables in models.

Variable Obs Mean Std. dev. Min Max

Response variable:
Enteric fermentation (ton 

CO₂-e/ton FPCM)
75 0.610 0.352 0.117 2.204

Manure management (ton 
CO₂-e/ton FPCM)

92 0.351 0.773 0.002 5.567

Energy use (ton CO₂-e/ton 
FPCM)

94 0.257 0.417 0.002 2.779

Feed input cost (1000 USD/ 
ton FPCM)

89 0.771 0.616 0.101 3.402

Manure management cost 
(1000 USD/ton FPCM)

86 0.015 0.056 0.000 0.518

Energy use cost (1000 USD/ 
ton FPCM)

89 0.046 0.104 0.001 0.825

Explanatory Variable:
Concentrate inclusion
Low level (<35%) 93 0.204 0.405 0 1
Medium level (35%–50%) 93 0.430 0.498 0 1
High level (>50%) 93 0.366 0.484 0 1
Forage quality (proportion of corn silage)
Low level (<50%) 89 0.281 0.452 0 1
Medium level (50%–70%) 89 0.506 0.503 0 1
High level (>70%) 89 0.202 0.404 0 1
Add inhibitors 97 0.216 0.414 0 1
Add oilseeds 97 0.175 0.382 0 1
Returning to farmland 

directly
97 0.124 0.331 0 1

Storage with covers 97 0.124 0.331 0 1
Storage with no covers 97 0.289 0.455 0 1
Composting only 97 0.124 0.331 0 1
Composting after/and 

storage
97 0.216 0.414 0 1

Recycling for cow bedding 97 0.124 0.331 0 1
Energy intensity
Low level 94 0.330 0.473 0 1
Medium level 94 0.330 0.473 0 1
High level 94 0.334 0.476 0 1
Energy structure
Low level of diesel oil use 94 0.330 0.473 0 1
Medium level of diesel oil use 94 0.330 0.473 0 1
High level of diesel oil use 94 0.340 0.476 0 1
Control variables:
Enterprise 97 0.784 0.414 0 1
Province
Inner Mongolia 97 0.845 0.363 0 1
Yunnan 97 0.103 0.306 0 1
Heilongjiang 97 0.052 0.222 0 1
Total stock 97 1722.464 2442.839 3 15,500
Proportion of lactating cows 

(%)
97 0.333 0.156 0 1

Ln (milk production) 95 6.953 2.489 1.609 10.840
Lactating cow yield (ton/ 

cow)
97 8.687 3.678 0 27

Forage to concentrate ratio of 
dairy farms

97 0.334 0.483 0 4.667

Proportion of corn silage in 
forage of dairy farms

92 0.574 0.222 0.065 1

Numbers of used energy type 97 2.536 0.737 1 4

1 GHG emissions and the adoption of mitigation measures for dairy farms are 
analyzed and provided in Supplementary Materials C.
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per ton of FPCM, respectively. Correspondingly, reducing energy in
tensity from a high to a low or medium level can yield emission 
reduction benefits of 238 USD and 256 USD per ton of CO₂-e, respec
tively. Additionally, dairy farms employing a medium level of diesel oil 
incur energy costs that are 29 USD per ton FPCM higher than those 

utilizing a low level. Thus, reducing diesel oil usage from a medium to a 
low level can yield emission reduction benefits of 149 USD per ton of 
CO₂-e emissions reductions.

As shown in Table 5, in the context of manure management mea
sures, compared to dairy farms that recycle manure for cow bedding, 
four management measures result in significant GHG emissions re
ductions: returning to farmland directly, storage with covers, compost
ing only, and composting after/and storage. Among these, composting 
only can achieve the most substantial reduction, lowering emissions by 
0.838 tons of CO₂-e per ton of FPCM, and yielding a benefit of 1 USD per 
ton of CO2-e emission reduction. In comparison, composting after/and 
storage significantly reduce emissions by 0.700 tons of CO2-e per ton of 
FPCM, with a unit reduction cost of 1 USD per ton of CO2-e. Composting 
only can save dairy farms the cost of investing in storage equipment 
while allowing the sale of composted manure for additional income. 
Therefore, composting only is a mitigation measure that can achieve 
both environmental and economic benefits for Chinese dairy farms.

Returning to farmland directly is also a cost-effective mitigation 
measure. Compared to dairy farms that recycle manure into cow 
bedding, direct returning to the field can reduce GHG emissions by 
0.733 tons of CO2-e per ton of FPCM. Not only that, adopting this 
measure can also save costs by 11 USD per ton of CO2-e emissions 
reduction for dairy farms.

Lastly, the results confirm that covering manure during storage 
significantly reduces GHG emissions by 0.688 tons of CO2-e per ton of 
FPCM. However, it is important to note that this measure, while effec
tive, is also the most expensive mitigation measure, with a carbon 
reduction cost of 63 USD per ton of CO2-e for dairy farms.

Overall, measures from all three categories can effectively reduce 
GHG emissions from dairy farms (see Fig. 3). Among these effective 
measures, feed and energy measures are cost-saving, whereas imple
menting effective manure management measures may result in 
increased costs for dairy farms. Upon comparison, it is evident that 
effective feed management measures offer substantial cost savings and 
should be prioritized as the primary mitigation options. Although 
implementing two effective manure management measures may incur 
emission reduction costs, the incurred expenses are considered accept
able, particularly for enterprises.

Table 3 
GHG abatement costs for feed management measures

<!––Col 
Count:4––>Variables

Per unit carbon 
emission (ton 
CO2–e/ton 
FPCM)<!––Para 
Run–on––>

Per unit cost 
(1000 USD/ 
ton FPCM)

Unit carbon 
reduction cost 
(USD/ton 
CO2–e)

(1) (2) (3)

Concentrate inclusion
Medium level (35%– 
50%)

–0.179* –0.058 –325
(0.095) (0.190) ​

high level (>50%) –0.073 –0.004 ​
(0.113) (0.238) ​

Forage quality
Medium level 
(50–70%)

–0.146 –0.280 ​
(0.110) (0.174) ​

High level (>70%) –0.289** –0.156 –540
(0.130) (0.213) ​

Add inhibitors –0.058 –0.078 ​
(0.087) (0.157) ​

Add oilseeds –0.012 –0.318** ​
(0.089) (0.152) ​

Control variables Yes Yes ​
Observations 69 83 ​
Mean variance inflation 

factor (VIF)
1.84 1.84 ​

R–squared 0.492 0.278 ​

Note: Concentrate inclusion refers to the proportion of concentrate to feed diet of 
lactating cows (diet dry matter basis). Forage quality refers to the proportion of 
corn silage to the forage of lactating cows (diet dry matter basis). The VIF 
measures multicollinearity in a multiple regression model, and values below 10 
indicate the model does not suffer from severe multicollinearity issues. In this 
table, the VIF value of each variable and the mean VIF for all variables in re
gressions are below 10. * denotes p < 0.1, ** denotes p < 0.05, *** denotes p <
0.01.

Table 4 
GHG abatement costs for energy management measures

Variables Per unit carbon 
emission (ton CO2- 
e/ton FPCM)

Per unit cost 
(1000 USD/ton 
FPCM)

Unit carbon 
reduction cost 
(USD/ton CO2-e)

(1) (2) (3)

Energy intensity
Low level − 0.600*** − 0.143*** − 238

(0.168) (0.054) ​
Medium level − 0.515*** − 0.132** − 256

(0.165) (0.052) ​
Energy structure
Medium level of 

diesel oil use
0.192** 0.029 149
(0.079) (0.018) ​

High level of 
diesel oil use

0.122 0.040* ​
(0.087) (0.023) ​

Control variables Yes Yes ​
Observations 94 89 ​
Mean variance 

inflation factor 
(VIF)

1.56 1.56 ​

R-squared 0.404 0.348 ​

Note: Energy intensity is measured by the usage of energy by one unit of FPCM. 
Energy structure is measured by proportion of energy provided by diesel oil in 
energy use per unit of FPCM. The VIF measures multicollinearity in a multiple 
regression model, and values below 10 indicate the model does not suffer from 
severe multicollinearity issues. In this table, the VIF value of each variable and 
the mean VIF for all variables in regressions are below 10. * denotes p < 0.1, ** 
denotes p < 0.05, *** denotes p < 0.01.

Table 5 
GHG abatement costs for manure management measures

Variables Per unit carbon 
emission (ton CO2- 
e/ton FPCM)

Per unit cost 
(1000 USD/ 
ton FPCM)

Unit carbon 
reduction cost 
(USD/ton CO2-e)

(1) (2) (3)

Returning to 
farmland 
directly

− 0.733* − 0.008 − 11
(0.404) (0.009) ​

Storage with 
covers

− 0.688* 0.044 63
(0.402) (0.046) ​

Storage with no 
covers

− 0.693 − 0.005 ​
(0.422) (0.005) ​

Composting only − 0.838* − 0.001 − 1
(0.488) (0.010) ​

Composting after/ 
and storage

− 0.700* 0.001 1
(0.354) (0.005) ​

Control variables Yes Yes ​
Observations 85 85 ​
Mean variance 

inflation factor 
(VIF)

2.54 2.54 ​

R-squared 0.300 0.124 ​

Note: The VIF measures multicollinearity in a multiple regression model, and 
values below 10 indicate the model does not suffer from severe multicollinearity 
issues. In this table, the VIF value of each variable and the mean VIF for all 
variables in regressions are below 10. * denotes p < 0.1, ** denotes p < 0.05, *** 
denotes p < 0.01.
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4. Discussion

This analytical framework provides a feasible step for analyzing the 
cost-effectiveness of GHG mitigation measures in the dairy industry. It is 
based on micro-level data to estimate the cost-effectiveness of mitigation 
measures. Most existing CEA studies in the dairy industry typically 
define an average farm based on statistical data, simulating changes in 
GHG emissions and costs by setting unified parameters and utilizing 
empirical data from the literature (Cecchini et al., 2018; Dutreuil et al., 
2014; Huber et al., 2023; Mosnier et al., 2019; Van Middelaar et al., 
2014). The bioeconomic models applied in these studies are relatively 
complex and require specific, quantitative definitions of each mitigation 
measure to determine simulated mitigation costs. Meanwhile, the 
effective measures identified by these studies are often context-specific, 
tailored to particular regions or countries, and may lack universality. In 
contrast, the economic analysis framework developed in this study ac
counts for the heterogeneity of dairy actors. By collecting micro data on 
actual adoption behavior, this framework can provide more realistic 
estimates of the effects of mitigation measures, accounting for real 
market prices and scenarios where multiple measures are implemented 
simultaneously. Furthermore, the evaluation results by this framework 
indicate broad applicability, offering actionable suggestions for dairy 
industry stakeholders to adjust their production and consumption 
behaviors.

In the case study, enhancing forage quality and increasing concen
trate inclusion for lactating cows were identified as the two most cost- 
effective mitigation measures. They can effectively reduce GHG emis
sions and lower feed costs. As strategies for modifying feed diet 
composition, improving forage quality and increasing concentrate con
tent have been widely shown to offer the dual benefits of reducing 
enteric CH4 production (Benchaar et al., 2014; Knapp et al., 2014) while 
improving production efficiency (Gerber et al., 2013; Hristov et al., 
2013). Our results indicate that the increased costs of improving forage 
quality and increasing concentrate inclusion are offset by increased cow 
productivity. Therefore, these two feed management measures both can 
decrease feed costs per unit of milk production by increased yields per 
cow. Duffy et al. (2021) also found that increasing concentrate feed can 
reduce enteric CH4 production while decreasing feed costs per unit of 
milk production for dairy farms in Costa Rica. Similarly, Dutreuil et al. 
(2014) reported that decreasing the forage-to-concentrate ratio in the 
diet is cost-effective for grazing and organic farms in Wisconsin. The 
positive impact on the environment and the potential for economic gains 

position feed management as a promising avenue for reducing GHG 
emissions in the dairy industry. In contrast to Doreau et al. (2014), our 
study did not identify the effectiveness of adding supplements in 
reducing GHG emissions from enteric fermentation. This lack of 
conclusive findings could be attributed to the absence of quantitative 
data on supplement usage. Additionally, our examination focused solely 
on oilseeds and inhibitors as supplements, leaving the effects of other 
supplements unexplored. Further research is warranted to comprehen
sively quantify supplement usage and investigate the impact of addi
tional supplements on GHG emissions.

In the realm of energy management measures, reducing energy in
tensity and adjusting energy structure to decrease diesel oil use emerged 
as two economically viable mitigation strategies that can effectively 
lower energy costs for dairy farms. The reduction of energy intensity can 
be achieved through various targeted measures, including the adoption 
of intelligent management software to enhance operational efficiency, 
as well as the incorporation of energy-saving equipment and technolo
gies. Notably, our survey revealed minimal utilization of clean energy 
sources, such as solar energy, among the sampled dairy farms. Given the 
environmental benefits, we recommend emphasizing the optimization 
of the energy structure by integrating green electricity into dairy farm 
operations. This shift towards renewable energy aligns with broader 
strategies for reducing GHG emissions (Djekic et al., 2014).

The differences in mitigation costs are pronounced among various 
effective manure management measures. Notably, returning manure to 
farmland directly and composting only stand out as measures that not 
only effectively reduce GHG emissions but also lead to cost savings for 
manure management. While composting after/and storage and storage 
with covers are also effective, they introduce additional costs for dairy 
farms. Dutreuil et al. (2014) similarly highlighted the cost-effectiveness 
of adding a 12-month covered storage unit for manure management in 
conventional farms. This insight empowers dairy producers to make 
informed decisions, selecting strategies that are both effective in GHG 
emission reduction and economically viable. It’s crucial to recognize 
that effective manure treatments often involve significant investments in 
equipment, infrastructure, and labor, potentially straining the financial 
resources of dairy farms. Moreover, these measures may necessitate 
adjustments to farm operations, encountering resistance or operational 
challenges. Achieving the right balance between GHG emission re
ductions, cost-effectiveness, and practicality is essential for successful 
manure management in dairy production. Despite potential challenges, 
the substantial positive environmental impact and long-term 

Fig. 3. The marginal mitigation costs for all effective mitigation measures (USD/ton CO2-e reduction).
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sustainability benefits underscore the value and importance of pursuing 
mitigation measures in manure management for dairy farms.

It is important to note that several sources of uncertainty may cause 
the estimated cost-effectiveness of the mitigation measures in this case 
study to differ from the true values. First, our case study relies on 
random sampling for data collection. Although our survey collected a 
sufficient number of samples in Inner Mongolia, the samples from 
Yunnan and Heilongjiang provinces were selected using a simple 
random sampling method with a limited sample size. Consequently, 
these samples may lack representativeness to some extent and could 
introduce statistical random sampling errors. Second, measurement 
error is another potential source of uncertainty. The data collected were 
based on the dairy farms’ measurements, records, or recalls of produc
tion activities and finances. Variations in measurement methods, 
recording standards, and recall accuracy among dairy farms may lead to 
discrepancies in the data on GHG emissions and costs. Third, models 
simplify the real dairy farm production system and, as such, is inherently 
limited in accuracy. For instance, the methods used to estimate GHG 
emissions apply uniform parameters, assuming all dairy farms have the 
same emission activity intensity. This approach overlooks variations in 
emission activities between farmers and enterprises. Additionally, the 
regression model we constructed cannot account for all possible influ
encing factors, such as the organizational management of dairy farms 
and the skill levels of employees.

The case study is subject to certain limitations. Firstly, utilizing a 
cross-sectional dataset, the analysis controls for several observed vari
ables; however, the presence of omitted unobserved variables could 
potentially introduce bias to the results. Future studies are recom
mended to gather panel data, allowing for the consideration of fixed 
effects to mitigate bias from time-invariant unobserved variables. An 
even more robust approach would involve conducting randomized 
controlled trials, offering a more definitive identification of the cost- 
effectiveness of mitigation measures. Secondly, expanding the dataset 
to encompass a more extensive range of dairy farms from diverse milk 
production regions in China is advisable. This expansion would 
contribute to incorporating greater heterogeneity in the CEA of miti
gation measures. For instance, identifying effective mitigation measures 
tailored to dairy farms in different regions and production scales would 
yield more targeted strategies. Lastly, in this case study, the system 
boundary for the CEA is defined as the dairy farm gate. While dairy 
farming is a crucial source of GHG emissions within the dairy farm, it is 
also important to consider the emissions from feed production and the 
transportation of products to retail locations. Therefore, future research 
is recommended to follow our analytical framework and LCA principles 
to provide a more comprehensive estimation of GHG emissions from 
feed production to retail for dairy farms and to incorporate a broader 
range of mitigation measures. Moreover, other stages, such as retail and 
consumption, warrant attention to achieve emission reduction targets 
within the dairy industry. Therefore, applying our analytical framework 
to estimate the cost-effectiveness of mitigation measures in other dairy 
sectors is essential, providing economically feasible and effective stra
tegies for all dairy stakeholders.

5. Conclusion

This study developed a comprehensive framework for conducting a 
CEA of GHG emission mitigation measures within the dairy industry. 
This framework provides stakeholders and policymakers with a sys
tematic approach to identify cost-effective GHG mitigation strategies. 
The analysis process is delineated six essential steps: defining the system 
boundary, identifying GHG emission sources, identifying potential 
mitigation measures, determining methods to quantify GHG emissions, 
collecting data, and analyzing the cost-effectiveness of mitigation 
measures. Additionally, we applied this analytical framework and uti
lized field survey data to identify cost-effective mitigation measures for 
Chinese dairy farms. The findings of the case study reveal highly cost- 

effective opportunities for GHG mitigation in the Chinese dairy pro
duction. The results highlight potential measures to reduce GHG emis
sions across feed, manure, and energy management. Furthermore, many 
of these effective mitigation measures offer both environmental and 
economic benefits.
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