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ABSTRACT

Smallholder dairy farming is essential to milk production and rural livelihoods in Indonesia; however, its envi-
ronmental performance under different levels of technology adoption remains insufficiently quantified. This study
aimed to quantify the global warming potential (GWP), acidification, and eutrophication of smallholder dairy
farms in Central Java, compare these impacts among technology-adoption categories, and identify production
inputs associated with environmental hotspots. A cradle-to-farm-gate life cycle assessment (LCA) was conducted
using | kg of fresh milk at the farm gate as the functional unit. Primary data were collected from 40 Friesian
Holstein dairy farms through field observations, farmer interviews, farm records, and measurements of daily farm
activities. Farms were classified into five categories: no selected technology (Category I); using forage chopper
(Category II); forage chopper and milking machine (Category III); using biogas (Category IV); and an integrated
system combining a forage chopper, milking machine, and biogas (Category V). Environmental impacts were
assessed using OpenLCA 2.5, the CML-IA baseline method, and the Ecoinvent 3.10 background database. Data
were analyzed using one-way ANOVA, Games-Howell post hoc tests, and multiple linear regression. The mean
impacts were 1.94 £ 0.82 kg COz-eq, 0.0073 £ 0.003 kg SO:-eq, and 0.0160 = 0.008 kg PO+*-eq per kg milk for
GWP, acidification, and eutrophication, respectively. The category V produced the lowest impacts, at 1.16 = 0.25
kg CO:2-eq, 0.0042 + 0.0010 kg SO2-eq, and 0.0095 + 0.0023 kg PO+*"-eq per kg milk. Biogas adoption alone did
not provide the lowest environmental burdens. Concentrate, direct emissions, and detergent use were significantly
associated with all three impact categories. In conclusion, integrated technology adoption improves environmental
performance more effectively than stand-alone interventions. Policymakers and dairy cooperatives should promote
integrated technology packages alongside combines feed efficiency, improved manure management, biogas utili-
zation, and use of environmentally preferable detergents, technical support for smallholders’ dairy farmers.
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INTRODUCTION

Dairy farming plays an important role in
supplying animal protein and supporting rural
livelihoods in developing countries (Duncan
et al., 2013). As a developing country, in Indo-
nesian around 98% dairy cows’ population are
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concentrated in Java Island, namely West Java,
East Java, Central Java and Yogyakarta province
(Asmarasari et al., 2023). Smallholder dairy farms
are dominants type of dairy farming, an impor-
tant component of the regional milk production
system, particularly through the rearing of Frie-
sian Holstein cattle under diverse management
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conditions. In Central Java, the farmers average
51 years old and dominantly with low education,
they owned 4-7 cows per farm and land 0.5 to 1
hectare, and milk production 9-15 liters cow/day
(Kusumastuti et al., 2024). With the limited avail-
ability of land, dairy farmers rely heavily on input
of concentrates and by-products to supplement
the limited home-grown forage, beside that the
farmers usually discharge manure directly into
the environment, losing valuable nutrients and
polluting water resources (Apdini et al., 2024).

Farming activity to produce milk can gener-
ate environmental burdens using feed, water, en-
ergy, fuel, fertilizer, and sanitation materials, as
well as through emissions from animals and ma-
nure. Smallholder dairy farm in Indonesia vary in
herd size, feeding practices, technology adoption,
manure handling, and milk productivity, which
may influence both production efficiency and
environmental performance. Methane (CHa) is
mainly produced from enteric fermentation and
manure management, while nitrous oxide (N20)
may originate from manure and nitrogen fertilizer
use (FAO, 2023). Poor manure and wastewater
management may also increase pollutant. Manure
from dairy farms is a significant source of pollu-
tion of the Citarum river in West Java, Indonesia
(Djuwita et al., 2021). The nitrogen and phospho-
rus losses to soil and water, thereby contributing
to eutrophication, while ammonia volatilization
and other acidifying emissions may contribute
to acidification potential (de Vries and de Boer,
2010; Hristov et al., 2019). The smallholder dairy
farmer in West Java resulted in emission of global
warming potential, acidification, and eutrophica-
tion were 1.61 kg CO,eq, 0.03 kg SO eq, and 0.03
kg PO4%eq (Brilianty et al., 2016).

Life cycle assessment (LCA) is widely used to
evaluate environmental impacts of livestock prod-
ucts across defined system boundaries. In dairy
systems, LCA enables the integration of upstream
and on-farm processes, including feed production,
energy use, fertilizer use, enteric fermentation,
manure management, and direct farm emissions
(de Vries and de Boer, 2010). Among the most
frequently assessed environmental impact catego-
ries in milk production LCA studies are global
warming potential (GWP), acidification, and eu-
trophication (Cruz-Rivero et al., 2025). Environ-
mental impacts of dairy production are strongly
influenced by productivity, feed efficiency, fossil
energy use, and manure management (Veltman et
al., 2021). In smallholder systems, these factors

are highly heterogeneous because farmers differ in
capital availability, access to technology, knowl-
edge, and local resource conditions. The cow
feeding forage using small-scale technologies,
such as a chopper for chopping the forage, could
increase milk production and change the quantity
and characteristics of manure compared with the
cow feeding forage without chopping (Fischer et
al. 2018). Using a milking machine could improve
milking efficiency and biogas digesters could fa-
cilitate manure utilization (Romanuik et al. 2020).
However, their environmental benefits may de-
pend on whether they are adopted individually
or integrated within the whole production system
(FAO, 2023; Lei et al., 2024).

Research regarding LCA of dairy farming
in Indonesia has been conducted by Taufiq et al.
(2016) however, their study only compared small-
holder farms with large-scale (modern) farms.
Their findings indicated that the Global warming
potential (GWP), acidification, and eutrophica-
tion of smallholder farms were higher than those
of modern farms. Another study by Apdini et al.
(2021) examined greenhouse gas emissions (GHG)
from smallholder dairy farms in Indonesia, fo-
cused solely on seasonal effects by comparing the
dry and rainy seasons. Globally, the study related
to LCA on smallholder dairy farm has also been
widely carried out, Bartl et al. (2011) who study-
ing LCA to comparing smallholder dairy farming
system in highland and coastal area in Peru. Garg
et al. (2016) who studying to explore the carbon
footprint of milk production under the multi-func-
tional smallholder dairy system in western India.
Rogers-Montoya et al. (2026) who studying LCA
to comparing two system feeding management in
smallholder dairy farming in Mexico. Although
LCA has been widely applied to dairy production,
evidence from developing countries in smallholder
dairy systems remains limited, particularly regard-
ing how different levels of technology practices
affect GWP, acidification, and eutrophication per
unit of fresh milk. The effect of using mechani-
zation technology in smallholder dairy farm has
been reported by Hadiana et al (2019), however
only focused on herd size and labor efficiency. In-
formation on how technology used in smallholder
farming methods affects the environment is still
lacking worldwide. The present study addresses
this applied evidence gap by comparing farms
with no selected technology, forage chopping, for-
age chopping plus machine milking, biogas, and
an integrated package of all three technologies. Its
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novelty lies in the side-by-side assessment of these
configurations under one functional unit and mod-
elling framework, particularly the comparison be-
tween stand-alone biogas adoption and integrated
technology use. The study does not propose a new
LCA method or a new scientific theory; rather, it
provides context-specific empirical evidence that
may support technology targeting and hypothesis
generation for larger confirmatory studies.

Therefore, the objectives of this study were
to quantify the GWP, acidification, and eutro-
phication potential of smallholder dairy farms in
Central Java and compare environmental impacts
among technology adoption categories and identi-
fy production inputs associated with environmen-
tal hot spots. The findings are expected to provide
scientific evidence for improving environmental
management in smallholder dairy farms and sup-
porting mitigation strategies for more sustainable
dairy production systems in Indonesia.

METHODOLOGY

Study area and research design

This study evaluated the environmental per-
formance of smallholder dairy farm with different
technology adoption in Central Java, Indonesia,

with specific focus on global warming potential,
acidification, and eutrophication. Field data were
collected from October to December 2025 from
smallholder dairy farms located in several dis-
tricts and municipalities in Central Java Province,
Indonesia. The surveyed farms were classified
into five technology adoption categories as shown
in Figure 1: Category I, farms without selected
technologies (without mechanization and the dis-
charge of manure directly into the environment);
Category II, farms using forage choppers (mecha-
nization for feeding preparation, however without
mechanization for milking activity and discharge
of manure directly into the environment); Catego-
ry III, farms using forage choppers and milking
machines (mechanization for feeding preparation
and milking activity, however discharge of ma-
nure directly into the environment); Category 1V,
farms using biogas technology (without mecha-
nization for feeding preparation and milking ac-
tivity, however the farm has a tank digester was
used to produce biogas from manure) ; and Cat-
egory V, farms integrating forage choppers, milk-
ing machines, and biogas technology (a farm has
mechanization for feeding preparation and milk-
ing activity and has a tank digester that was used
to produce biogas from manure).

A quantitative survey approach was com-
bined with direct field observation and LCA. The
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assessment was conducted using a cradle-to-farm
gate system boundary and 1 kg of fresh milk at
farm gate as the functional unit. Life cycle impact
assessment was performed using OpenLCA 2.5
with the CML-IA baseline method and the Eco-
invent 3.10 background database. The ecoinvent
database provides broad life cycle inventory da-
tasets across multiple sectors and is available for
LCA modelling in OpenLCA (Ecoinvent, 2023).
All input flows, output flows, emissions, and en-
vironmental impact values were normalized to
this functional unit, except herd size and daily
milk production, which were reported as farm-
level characteristics.

Farm selection and classification

The study involved 40 smallholder dairy
farms raising Friesian Holstein dairy cow in Cen-
tral Java. Farm selection was conducted using a
combination of cluster sampling and purposive
sampling (Table 1). First, districts and municipal-
ities were grouped into three clusters based on the
Friesian Holstein dairy cattle population reported
by Badan Pusat Statistik (2023): high population,
more than 10,000 heads; medium population,
1,000 to 10,000 heads; and low population, fewer
than 1,000 heads.

Within the selected districts or municipalities,
farms were selected purposively based on three
criteria: the farm had been operating for at least
three years, the cattle raised were Friesian Hol-
stein dairy cow, and the farm had at least three
lactating cows in the second or later lactation.
The farms surveyed were in Boyolali, Semarang
Regency, Salatiga City, Klaten, Semarang City,
Magelang, and Wonosobo, with a total of 515
cattle across 40 farms.

System boundary and functional unit

The system boundary was defined as cradle-
to-farm-gate. The boundary included upstream
and on-farm processes associated with fresh milk
production, including forage production, concen-
trate use, water use, electricity use, fuel use for
forage transport and chopping, detergent use for
sanitation, urea fertilizer use for forage produc-
tion, enteric fermentation, manure production,
manure management, and biogas production.

Post-farm gate processes were excluded, in-
cluding milk collection, transportation to pro-
cessing facilities, milk processing, packaging,
retail, consumption, and post-consumption waste
treatment. Capital goods, such as buildings, ma-
chinery manufacture, long-term equipment, and
road infrastructure, were also excluded because
of limited farm-level data availability and their
relatively small contribution per kg of milk in
smallholder dairy systems.

The functional unit was defined as 1 kg of
fresh milk at farm gate. Milk production was re-
corded as daily fresh milk output. When milk vol-
ume was recorded in litres, it was converted into
kilograms using milk density data. All inventory
flows and environmental impacts were expressed
per 1 kg fresh milk at the farm gate.

Data collection and life cycle inventory

Primary data were collected through direct
field observation, farmer interviews, farm records,
and measurement of daily farm activities. Data
collection included feed use, water use, electric-
ity consumption, fuel consumption, detergent use,
forage land area, urea fertilizer use, milk produc-
tion, manure production, technology adoption, and

Table 1. Distribution of surveyed smallholder dairy farms in Central Java

. - Number Number Category
Cluster District or municipality
of farms of cattle I I M Vi vV
High population, >10,000 heads Boyolali 19 263 5 4 3 2 5
High population, >10,000 heads | Semarang Regency 6 50 4 1 0 1 0
Medium population, 1000 to . .
10,000 heads Salatiga City 2 13 1 1 0 0 0
Medium population, 1000 to
10,000 heads Klaten 6 61 3 3 0 0 0
Low population, <1000 heads Semarang City 3 34 1 1 0 1 0
Low population, <1000 heads Magelang 1 12 1 0 0 0 0
Low population, <1000 heads Wonosobo 3 82 0 1 0 0
Total 40 515 15 12 4 4 5
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waste management practices. Daily variables, in-
cluding feed use, water use, electricity use, milk
production, and manure production, were observed
for one week on each farm and averaged to obtain
representative daily values. Annual variables, in-
cluding fuel use, detergent use, forage land area,
and urea fertilizer use, were obtained from farmer
interviews and farm records, then converted into
daily values and normalized to milk production.

Forage and concentrate use were determined
by weighing the total amount of feed offered per
day during the observation period. The average
daily feed use was divided by total daily milk pro-
duction to obtain feed use per kg of milk. Water
use included drinking water and sanitation water
and was expressed as L/kg milk. Electricity use
was calculated from the electricity consumption
of farm equipment and expressed as kWh per kg
of milk. Fuel use included fuel used for forage
transport and forage chopping and was expressed
as L/kg milk. Detergent use was calculated from
annual detergent consumption, converted into
daily use, and divided by daily milk production.
Urea fertilizer use was expressed as kg/kg milk
throughout the analysis. Milk production was
measured daily during the observation period.
Manure production was measured from total
manure collected during morning and afternoon
cleaning activities and expressed per kg milk. The
data collected and the inventory data are present-
ed in Supplementary 1.

Emission estimation and biogas potential

Direct greenhouse gas emissions were es-
timated using IPCC Tier 1 approaches (IPCC,
2026). Methane emissions from enteric fermen-
tation were calculated using an emission fac-
tor of 68 kg CHs/head/year. Methane emissions
from manure management were calculated using
an emission factor of 31 kg CHa/head/year. Both
enteric and manure CHa emissions were divided
by annual milk production to obtain kg CHa/kg
milk. Nitrous oxide emissions from manure man-
agement were estimated based on nitrogen excre-
tion, body weight, and the IPCC emission factor
of 0.002 kg N2O-N/kg N excreted. The resulting
N:20-N value was converted into N2O using the
molecular weight ratio of 44/28 and then normal-
ized to milk production.

Emissions from fuel use were estimated from
fuel consumption, net calorific value, fuel density,
and IPCC emission factors. The emission factors
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used were 74,100 kg CO2/TJ, 3.0 kg CH4/TJ, and
0.6 kg N2O/TJ. Fuel-derived emissions were ex-
pressed per kg fresh milk. Emissions from urea
fertilizer use included CO: from urea hydroly-
sis and direct and indirect N2O emissions from
nitrogen application. CO: emissions were esti-
mated using the carbon content of urea and the
molecular conversion factor from carbon to COs..
N0 emissions were estimated based on nitrogen
content, direct emission factors, volatilization
fraction, and molecular conversion from N.O-N
to N20. The emissions measurements protocol is
presented in Supplementary 2.

Biogas production was estimated from ma-
nure production, dry matter content, volatile solid
content, and biogas yield coefficient. Manure dry
matter was assumed to be 20%, while volatile sol-
ids were calculated as 75 to 85% of dry matter.
Biogas potential was estimated using a coefficient
of'0.25 m*/kg volatile solids. LPG substitution po-
tential was estimated using an equivalence factor
of 0.46 kg LPG/m? biogas according to Purnomo
and Yusriadi (2023). In this study, LPG substitu-
tion from biogas was treated as a potential energy
recovery indicator. The LPG substitution value
was reported separately to indicate the potential
contribution of biogas to renewable energy use at
the farm level.

Life cycle impact assessment

Life cycle impact assessment was performed
using OpenLCA 2.5 with the CML-IA baseline
method. The background inventory database used
in OpenLCA was Ecoinvent 3.10 background da-
tabase, while foreground data were obtained from
farm-level measurements, direct observations,
farmer interviews, and farm records. The selected
impact categories were: global warming potential,
expressed as kg CO:-eq/kg fresh milk; acidifica-
tion potential, expressed as kg SO:-eq/kg fresh
milk; and eutrophication potential, expressed as
kg PO+*-eq/kg fresh milk. All impact values were
calculated per 1 kg fresh milk at farm gate.

The GWP category incorporated greenhouse
gas emissions from enteric fermentation, manure
management, fuel use, electricity use, and urea
fertilizer use. Acidification and eutrophication
were characterized by using the CML-IA baseline
method based on the relevant elementary flows
available in the LCA inventory. Because direct
measurements of NHs, NOx, SO, nutrient runoff,
and leaching were not conducted, acidification
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and eutrophication results were interpreted as
modelled impact potentials based on the inven-
tory structure and characterization factors used in
the LCA model. The workflow of OpenLCA Cal-
culation Process is presented Supplementary 2.

Statistical and sensitivity analysis

Statistical analyses were performed at SPSS
27. Separate one-way ANOVA compared the five
technology categories for GWP, acidification,
and eutrophication. Normality was assessed from
residual diagnostics and homogeneity using an
appropriate equal-variance test. Because group
sizes differed and equal variances could not al-
ways be assumed, Games-Howell pairwise com-
parisons were used. The result statistical analysis
is presented in Supplementary 3.

The sensitivity analysis was conducted to
evaluate the robustness and reliability of the LCA
results. A one-factor-at-a-time sensitivity analysis
was performed to assess the influence of inven-
tory input uncertainties on environmental impact
estimates. Each input parameter was individually
varied by —40%, —20%, +20%, and +40% from
the baseline value, while all remaining parameters
were maintained at their original levels. The evalu-
ated parameters comprised forage, concentrate
feed, water, electricity, fuel, detergent, and fertil-
izer use. For each scenario, environmental impacts

were recalculated using the same system boundary
and impact assessment methodology as the base-
line analysis. Changes in global warming potential
(GWP), acidification potential, and eutrophication
potential were subsequently compared with base-
line values to identify the most influential param-
eters affecting the LCA results. The result sensitiv-
ity analysis is presented in Supplementary 4.

RESULTS AND DISCUSSION

Smallholder dairy farms characteristics and
life cycle inventory

The smallholder dairy farms evaluated in this
study differed considerably in herd size, milk
production, input use, manure generation, emis-
sion intensity, and level of technology adoption
(Table 2). The number of lactating cows ranged
from 4.20 to 15.25 heads, while daily milk pro-
duction ranged from 57.03 to 205.40 kg per farm.
Our findings in this study were like the study re-
ported by Ariningsih et al. (2022) who reported in
West Java, Indonesia, the farmer have 6-10 dairy
cows with the milk production per farm 40 — 60
kg fresh milk per day.

Forage was the dominant feed input, rang-
ing from 2.73 to 3.23 kg/kg milk, while concen-
trate use ranged from 0.36 to 1.17 kg/kg milk.

Table 2. Smallholder dairy farm characteristics and life cycle inventory among categories

Variable Cat. | Cat. Il Cat. lll Cat. IV Cat. vV
Number of farms, unit 15 12 4 4 5
Lactating cows, head 4.20+1.8 7.17 £2.59 15.25 £+10.34 8.00 £5.42 8.60 +5.37
Milk production, kg/day 57.03 +38.15 89.18 +44.27 | 205.40 +144.51 | 97.57 +72.38 129.40 £66.89
Forage, kg/kg milk 2.82+1.17 3.00 £1.75 3.10 1.1 3.23 £0.92 2.73 +1.17
Concentrate, kg/kg milk 0.85 +0.47 0.62 £0.22 0.73 +0.27 1.17 £0.37 0.36 +0.13
Water, L/kg milk 6.47 £5.75 8.82 +5.14 11.83 £8.97 8.20 +4.07 9.88 +3.90

Fuel for transport, L/kg milk

0.013 £0.0092

0.011 +0.0071

0.0087 +0.0057

0.0080+0.0029

0.0080 +0.0013

Fuel for chopper machine, L/kg milk

0.0054 +0.0034

0.0048 +0.0039

0.0071 +£0.0031

milk

Electricity, kWh/kg milk 0.113 0.132 0.117 0.077 0.060
Manure, kg/kg milk 2.39 2.41 1.86 1.24 1.48
CO,, kg/kg milk 0.0373 0.0540 0.0414 0.0229 0.0435
CHy,, kg/kg milk 0.0064 0.0040 0.0027 0.0038 0.0026
N,O, kg/kg milk 0.000040 0.000096 0.000066 0.000024 0.000017
Biogas, m3/kg milk - - - 0.0897 0.0591
LPG substitution potential, kg/kg ) ) ) 00413 0.0272

Note: Herd size and milk production are presented as farm-level averages, while other flows are expressed per 1

kg fresh milk at farm gate.
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This study was similar to the study reported by
Al-Zahra et al (2020) who reported on farm-level
feed compositions and nutrient utilization in Indo-
nesian smallholders, forage forms the main bulk
of dry matter intake, while supplemental con-
centrate efficiency varies greatly across manage-
ment tiers each farm. Category V had the lowest
concentrate use, at 0.36 kg/kg milk, indicating a
more efficient feed-use pattern than the other cat-
egories. The lower concentrate use in Category V
may reflect better ration management, improved
forage processing, or higher efficiency in convert-
ing feed into milk. This is important because con-
centrate use was later identified as a significant
predictor of GWP, acidification, and eutrophica-
tion (Salvador et al., 2016).

Water use ranged from 6.47 to 11.83 L/kg
milk. This finding was similar with the study
reported by Murphy et al. (2017) who evaluat-
ed global water footprints in dairy farming and
noted that on-farm water use in small-to-medium
systems generally ranges from 5 to 15 L/kg milk,
largely dictated by sanitation routines rather than
herd size alone. while electricity consumption
ranged from 0.060 to 0.132 kWh/kg milk. Cate-
gory V showed the lowest electricity use, whereas
Category Il had the highest electricity consump-
tion per kg milk. These differences indicate that
technology adoption does not automatically in-
crease energy demand per unit of milk. Instead,
the effect of technology depends on how efficient-
ly equipment is used and how well it is integrated
into the overall production system. Shine et al.
(2020) analyzed energy efficiency across differ-
ent levels of technology adoption in dairy farms.
They concluded that higher technology adoption
only leads to higher energy efficiency per liter of
milk when utilization rates are high (e.g., milk-
ing machines operating at full animal capacity),
whereas underutilized machinery increases elec-
tricity consumption per kg of milk.

Manure production ranged from 1.24 to 2.41
kg/kg milk. The lowest manure output was ob-
served in Category 1V, whereas the highest value
was recorded in Category II. Manure excretion
was related to the dry matter intake of the cow and
the composition of the feed, the highest forage
intake the highest manure excretion (Weiss et al.,
2007). The result from this study was lower com-
pared than the study reported by Leip et al. (2019)
who reported in dairy cow in Brazil resulted 2.89
kg manure/kg milk. Category I had the highest
value of CHa, CO2, and N0 per milk produc-
tion, while Category V had the lowest value. This
pattern suggests that integrated technology adop-
tion may reduce emission intensity per kg milk
through combined improvements in feed manage-
ment, productivity, and manure utilization. This
interpretation is consistent with the concept that
productivity gains can reduce emission intensity
per unit of dairy products (Gerber et al., 2011).

Effects of technology adoption and waste
management on environmental impacts

The results of one-way ANOVA followed by
Games-Howell post hoc tests showed significant
differences in GWP, acidification, and eutrophica-
tion among technology categories (Table 3). The
lowest environmental impact is Category V com-
pared to Category I and IV, then Category Il and II1
was similar with Category I, IV and V (P>0,05).

This finding indicates that integrated technol-
ogy adoption can improve environmental perfor-
mance more effectively than partial technology
adoption. The better performance of Category V
may be attributed to the combined effects of im-
proved feed processing, more efficient milking
management, lower electricity use, lower concen-
trate use, reduced CH4 and N0 intensity, and en-
ergy recovery from manure through biogas. Thus,
substantive reductions in environmental footprints

Table 3. Environmental impacts of smallholder dairy systems by technology adoption level

Farm system category | GWP, kg CO,-eq/kg milk Acidification, kg SO,-eq/kg milk | Eutrophication, kg PO,* -eq/kg milk
Category | 2.38 £ 0.962 0.0089 + 0.00372 0.0201 £ 0.00942
Category Il 1.69 + 0.602b 0.0064 + 0.0021ab 0.0139 + 0.00472b
Category llI 1.60 + 0.69ab 0.0062 + 0.00242b 0.0119 + 0.00542b
Category IV 2.33£0.342 0.0092 + 0.00154 0.0174 £ 0.00322
Category V 1.16 £ 0.25> 0.0042 + 0.0010° 0.0095 + 0.0023p

Average 1.94 +0.82 0.0073 + 0.003 0.0160 + 0.008

Note: Different superscript letters within the same column indicate significant differences among farm categories

at P <0.05.
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in small dairy farms require the adoption of full
integration of technology (Liu et al., 2023).

Category I, without technology, had the high-
est GWP and eutrophication potential. This can
be attributed to lower productivity, higher CHa
intensity, and less efficient resource use. With-
out improved feed processing or manure valo-
rization, emissions and nutrient losses become
more concentrated per kg of milk. This confirms
that conventional smallholder systems may have
higher environmental intensity when productivity
and input efficiency remain low. This high envi-
ronmental intensity stems from low animal pro-
ductivity combined with unmitigated enteric and
manure emissions, confirming that unmechanized
smallholder farms are constrained by resource in-
efficiency per unit of output (Knapp et al., 2014;
Poore & Nemecek, 2018).

Category 1V, which adopted biogas technol-
ogy alone, did not show the lowest environmental
impacts and was not significantly different from
Category I based on environmental impact. This
is an important finding because it indicates that
manure-based biogas should not be treated as a
stand-alone solution. Although biogas can cap-
ture part of manure-derived methane and sup-
port renewable energy use, its overall life-cycle
benefits are frequently undermined by low feed-
stock quality, poor digester efficiency, fugitive
CH, leakage, or improper slurry management
(Vu., 2014). Without concurrent improvements
in feed efficiency and milk yield, single-compo-
nent waste treatment delivers minor net benefits
(Chuenchart et al., 2024).

Categories II and III showed intermediate
impact values. The use of forage chopper and
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milking machines may improve operational ef-
ficiency, but these technologies alone may not
fully address manure-derived emissions and nu-
trient losses. This explains why partial technol-
ogy adoption did not always produce significant
reductions compared with the conventional sys-
tem (Kumar and Doan, 2025).

Our study demonstrates that environmental
mitigation in smallholder dairy farming requires
a systems approach. Improving a single compo-
nent, such as feed processing or manure treatment,
may produce limited benefits if other components
remain inefficient. The lowest environmental
impacts were achieved when feed management,
milking efficiency, and manure valorization were
combined in one integrated production system.

Effects of production inputs on
environmental impacts

Sensitivity analysis was conducted to evaluate
the robustness and reliability of the LCA results.
The sensitivity analysis demonstrated that input
of concentrate feed, detergent use, and direct
emissions were the principal contributors driv-
ing variations in environmental impacts across
all assessed impact categories. Concentrate feed
exerted a stronger influence in Categories III and
IV, whereas detergent use and direct emissions
showed comparable contributions in Categories
I, I, and V. The observed sensitivity patterns in-
dicate that changes in these dominant contribu-
tors resulted in substantially greater variations in
GWP than those associated with electricity con-
sumption, or water use (Figure 2).
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Figure 2. Global warming potential sensitivity analysis

157



Ecological Engineering & Environmental Technology 2026, 27(12), 150-162

Acidification (Category I)
0.012 0.008

Acidification (Category Il)

Acidification (Category Ill)
0.0085

0.011 0.0075 0.008
oot 0,007 00075
—@—Concentarte 06085 —@—Concentrate 0.007 —@—Concentrate
0009 ——3g —@—Detergent ‘ —@—Detergent 010085 —@—Detergent
&= —@—Total electricity 0006 —@—Total Electricity —@—Total Electricity
0008 —@—Forage —@—Forage 0,006 —@—Forage
—&—Water 00055 —@—Water ——Water
0007 0005
. 0005 0.005
0:008 0.0045 00045
0.005 0.004 0.004
50% 70% 0% 10%  130%  150% 50%  70% 9%  110%  130%  150% 50%  70%  90%  110%  130%  150%

Acidification (Category V)
0.013
0.012

0.011
001 g

—@-— Consentrate
—@—Detergent

0.009 —— ~@— Total Electricity
PI —@—Forage

0.008 —@— Water

0.007

0.006

0.005
50% 70% 90% 110% 130% 150%.

Acidification (Category V)
0.0055

0.005

D—Consentrate

>—Detergent

D—Total Electricity
age

0.0045

Lilil
T

D—Water

0.0035

0.003

50% 70% 90% 110% 130% 150%

Figure 3. Acidification sensitivity analysis

In the acidification impact (Figure 3), con-
centrate feed was consistently identified as the
dominant hotspot, accounting for the largest
proportion of total impacts across all categories.
Detergent use represented the second most in-
fluential contributor, while the contributions of
electricity, water, and forage remained compara-
tively limited. In contrast, eutrophication impact
(Figure 4) was largely driven by detergent use
in all categories and consistently emerged as the
most sensitive inventory flow. This dominance
underscores the importance of cleaning practices
and wastewater-related emissions in shaping eu-
trophication outcomes.

Concentrate, direct emissions, and deter-
gent were significantly associated with all three
environmental impact categories. Concentrate
showed tended to increase GWP, acidification
and eutrophication. This may be explained by

Eutrophication (Category I)

Eutrophication (Category Il)

upstream burdens associated with concentrate
production, including crop cultivation, fertilizer
application, processing, and transport. In addi-
tion, excessive nutrient intake from concentrate
may increase nitrogen and phosphorus excre-
tion through feces and urine, thereby increasing
eutrophication and acidification potential (Sabia
et al., 2020).

Direct emissions were among the major con-
tributors to the Global Warming Potential (GWP)
is expected because direct emissions from live-
stock systems specifically ruminant’s animal
are primarily composed of methane (CH4) and
nitrous oxide (N20), two greenhouse gases with
substantially higher global warming potentials
than carbon dioxide on a mass basis. Methane is
mainly generated through enteric fermentation in
ruminants, whereas nitrous oxide is released from
manure management and nitrogen transformation
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Figure 4. Eutrophication sensitivity analysis
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processes within the production system (Beache-
min et al., 2022)

Detergent may contribute directly to environ-
mental burdens through production, transport,
and wastewater discharge (Rattanaphra, 2025).
Detergent use may also be a stand-in for the farm,
how often cows are milked, how often sanitation
is done, or how often milking equipment is used.
Therefore, further inventory refinement is needed
to distinguish the direct environmental contribu-
tion of detergent from its correlation with overall
production intensity.

Overall, the sensitivity analysis identified
concentrate feed, detergent use, and direct emis-
sions as the main environmental hot spots within
the production system. Therefore, mitigation
strategies targeting concentrate feed optimiza-
tion, direct emission reduction, and the use of
environmentally preferable cleaning agents are
likely to yield the greatest improvements in over-
all environmental performance.

Mitigation implications

The findings indicate that mitigation strat-
egies for smallholder dairy production should
prioritize integrated improvements in feed man-
agement, direct-emission control, manure uti-
lization, and farm sanitation rather than relying
on stand-alone technologies. Farms integrating
forage chopping, machine milking, and biogas
utilization (Category V) could reduce 50% of
environmental impacts per kg of milk compared
to a dairy farm with biogas adoption alone (Cat-
egory IV) did not consistently provide the lowest
impacts. The sensitivity analysis further identi-
fied impact-specific environmental hotspots, with
concentrate feed being particularly influential for
GWP and acidification, direct emissions contrib-
uting substantially to GWP, and detergent use
strongly influencing eutrophication. Accordingly,
mitigation measures should focus on improving
feed-use efficiency and concentrate utilization,
reducing enteric and manure-derived emissions,
strengthening manure recovery and nutrient re-
cycling, and improving sanitation and wastewa-
ter management. These findings emphasize that
environmental improvements are more likely to
be achieved when technological interventions are
combined with improvements in overall farm-
resource efficiency.

From a policy perspective, technology-
support programs should shift from promoting

individual technologies toward context-specific
integrated mitigation packages. Government
agencies, dairy cooperatives, and extension
services should facilitate access to appropriate
technologies, including forage choppers and
anaerobic digesters, while simultaneously pro-
viding technical assistance for feed optimiza-
tion, manure management, efficient sanitation,
and proper operation and maintenance of the
technologies. Financial instruments such as tar-
geted subsidies, low-interest credit, or coopera-
tive-based investment schemes could prioritize
farms adopting combinations of practices that
address the environmental hotspots identified in
this study. Nevertheless, because the observed
differences among farm categories represent as-
sociations rather than definitive causal effects of
adoption of technology, policy implementation
should be accompanied by farm-level monitor-
ing of productivity, input efficiency, emissions,
and nutrient losses. Such an approach would
enable technology-support programs to be pro-
gressively refined based on their demonstrated
environmental effectiveness under smallholder
dairy farming conditions.

The empirical necessity of this dual strategy
is well-supported by the previous study that was
reported from other countries. In example study
by Jiang et al (2018) who reported that decreas-
ing mechanization for decreasing particle size of
forage could increase digestibility of feed and
milk yield. Physical processing such as chopping
the forage could decrease the enteric methane
emissions from dairy cow (Knapp et al., 2014).
Furthermore, utilizing local agro-industrial by-
products instead of imported concentrates signifi-
cantly shortens supply chains, cutting transport-
related fossil energy demand (Udo et al., 2011).
The study by Ngeno (2024) reported in Kenya
when the small-scale dairy farmers are encour-
aged to adopt technology intensively, it will have
a positive impact on their income.

Given the capital constraints of smallholder
operations, key stakeholders including govern-
ment bodies, non-governmental organizations, and
dairy farm cooperatives should provide targeted fi-
nancial and technical assistance. Specifically, sub-
sidizing forage choppers and anaerobic digesters
would accelerate the transition toward low-emis-
sion, highly efficient smallholder dairy production.
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CONCLUSIONS

Smallholder dairy systems in Indonesia play
a significant role in both milk yields and rural so-
cioeconomic well-being, but little is known about
how technology adoption affects their environ-
mental impact. This study demonstrated that the
environmental performance of smallholder dairy
farms in Central Java, Indonesia varied accord-
ing to technology adoption. Integrated technology
adoption, such as farming technology combining
forage chopper, milking machine, and biogas tech-
nology, showed the lowest environmental impacts
across all categories. In contrast, biogas adoption
alone did not produce the lowest impact values, in-
dicating that single-technology intervention is in-
sufficient to improve environmental performance.
Concentrate use, direct emissions, and detergent
use were identified as key production inputs as-
sociated with environmental impact. Overall,
improving the sustainability of smallholder dairy
farms requires an integrated mitigation strategy
that combines feed efficiency, improved manure
management, biogas utilization, and use of envi-
ronmentally preferable cleaning agents. Future
studies should include larger and more balanced
samples, and direct emission measurements.
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