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a b s t r a c t 

This paper analyzed the water-energy-environmental interactions in conventional wheat and maize production on 
a generic farm in Albania using a cradle-to-farm gate life cycle assessment (LCA) and energy analysis. The inputs 
considered were seeds, fuel, electricity, fertilizers, plant protection, irrigation water, and machinery. Energy use 
efficiency, specific energy, energy productivity, and net energy gain in wheat production were calculated as 
4.95, 2.63 MJ kg − 1 , 0.38 kg MJ − 1 , and 49,692 MJ ha − 1 , respectively. For maize, these values were 7.63, 1.93 
MJ kg − 1 , 0.52 MJ kg − 1 , and 82,513 MJ ha − 1 , respectively. Producing 1 ton of wheat requires 2626 MJ of energy, 
288 m 

3 of water, and generates a global warming potential (GWP) of 242.2 kg CO 2 -eq, terrestrial acidification 
potential (TAP) of 4.05 kg SO 2 -eq, and freshwater eutrophication (FEP) of 0.135 kg P-eq. On other hand, maize 
requires 1927.1 MJ of energy, 561 m 

3 of water, and generates a GWP of 181.1 kg CO 2 -eq, TAP of 2.82 kg SO 2 -eq, 
and FEP of 0.1 kg P-eq. The wheat and maize production produces a single environmental score of 69.3 and 
60.2 points where the foreground subsystem (on-farm) contributes to more than 75% of the total environmental 
load. Irrigation, machinery use, and fertilizer use and application caused most of the environmental impacts 
and energy consumption. As a wide range of agriculture modernization projects is taking place across Albania, 
footprint indicators and energy analysis are recommended to design sound farming and irrigation practices and 
explore synergies and trade-offs of agricultural intensification. 
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. Introduction 

Agricultural output is expected to rise in the coming years, with
ompeting demand for key resources and complex trade-offs of water,
nergy, environment, and food [1] . Population growth, economic de-
elopment, and climate change are already exerting pressure on agri-
ulture and food systems with considerable water and energy con-
umption [2] and environmental impacts like water footprint, land-use
hange, greenhouse gas emissions, eutrophication, ecotoxicity, and hu-
an health [3] . That’s why, the interdependencies between water, en-

rgy, and environmental impacts on crop production are commanding
ncreasing attention. 

On a life-cycle basis, water, energy, food, and environment are
losely intertwined calling for a holistic and inclusive approach to ad-
ress complex resource and development challenges [4] . The nexus con-
ept is gaining increasing attention in sustainability research and poli-
ymaking communities for considering the interdependencies of nexus
omains [5] . Among nexus approaches, the water-energy-environment
exus (WEEN) is a focus of much research to address synergies, tensions,
nd potential trade-offs between food, energy, water, and environment
t multiple spatial and temporal scales [6] . Life cycle thinking indica-
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ors and life cycle assessment (LCA) is used to capture the complex and
ften “hidden ” linkages between resources from a WEEN nexus perspec-
ive [7] . Because of its holistic nature, the LCA is one of the most used
ools for nexus thinking [8] . On other hand, energy input-output analy-
is has been widely applied to explore and assess energy use efficiency
nvironmental impacts, and their relationships with system sustainabil-
ty [9] . 

Agriculture is one of the most important sectors of the Albanian econ-
my, with feed crops (wheat, maize, and barley) occupying more than
0% of a typical cropping pattern [10] . Crop production in Albania de-
ands higher amounts of crop inputs for considerably lower productiv-

ty generating synergies and trade-offs. Crop production includes a wide
ange of different impacts caused by fertilizers and pesticides and the
uel use embedded in fertilizers and field operations. They include water
nd energy consumption, air emissions (ammonia volatilization, dinitro-
en monoxide), soil emissions (heavy metals), and water emissions (ni-
rate leaching), which themselves contribute to different environmental
ffects. 

Intensifying agriculture in a sustainable manner call for studying the
inks between diets, agricultural production practices, and environmen-
al degradation [11] . Wheat and maize cultivation in literature has been
2 
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Fig. 1. System boundary for the wheat and maize production systems. 
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xamined for energy performance and environmental impact, but, to
ur knowledge, there is no evidence of the impact of resource consump-
ion and emissions associated with them in Albania through a systemic
pproach. Henceforth, we investigated water-energy-environmental in-
eractions in conventional wheat and maize production on a generic
arm in Albania. Nexus is assessed by applying the environmental foot-
rint indicators and energy analysis. The assessment enables us to the
dentification of benchmarks and proof of performance, synthesize and
enerate LCA information, and determine the main ‘hotspots’ following
 life cycle perspective. 

. Material and methods 

.1. Scope of the study 

The goal of this study is to analyze the conventional irrigated wheat
nd maize production from a cradle-to-farm gate perspective which cov-
rs all background (upstream or off-farm) and foreground (downstream
r on-farm) processes related to crop cultivation up to harvest ( Fig. 1 ).
he background processes include the production of inputs to the farm,

ncluding the production of seeds, fertilizers, pesticides, electricity, and
he fuel used in the crop operations and auxiliary products and machin-
ry (i.e., lubricants and tractors). The downstream processes include the
mission of fuel consumption in tractors, fertilizer consumption, and wa-
er for irrigation and their associated emissions. The performance indi-
ators are defined for a functional unit of 1 ton of product and 1 hectare
f cultivated land. 

.2. Data sources and inventory 

Table 1 presents the list of inventory data developed for the crops
nder study. Main input data (crop yield, data on nitrogen application
ates, pesticide use, and information on field processes and machinery
se) for the life-cycle inventory were retrieved from the LEAP database
12] . 

The water for irrigation was obtained from data from the Ministry
f Agriculture. The energy for irrigation was estimated based on water
ources used for irrigation, i.e. considering 86% surface water and 14%
roundwater [11] . Theoretical energy requirements were computed for
 depth of 5 meters for surface water and 15 meters for groundwater
nd overall pump efficiency of 40%. The direct emissions on the field
rom fertilizer (soil atmospheric nitrous oxide, ammonia volatilization,
itrate leaching, and phosphorus emission) and fuel combustion emis-
ions were quantified using emission models as previously explained by
anaj et al. [13] . The manure is considered to originate 50% from poul-
ry and 50% from dairy cattle. The quantified on-field emission from fer-
ilizer, fuel combustion, and pesticide are presented in Supplementary
2 
nformation. No allocation criteria were used for allocating the impacts
ecause it was assumed that straw is left on the field [14] . It is difficult
o establish shares of straw removed from the field, the final destination
f straw, co-product prices, and other relevant factors for performing a
ensitivity analysis of the allocation of co-products . 

.1.1. Energy and footprint indicators 

To evaluate the energy consumption, various energy indices such
s energy use efficiency, net energy, energy productivity, and specific
nergy were used ( Table 2 ). 

The energy input was obtained as a product of each input and by
heir corresponding energy coefficient. The total input of energy was
alculated as the sum of all energy inputs used. The output energy was
btained as a product of yield and its equivalent energy representative.
nergy equivalents of inputs and outputs in wheat maize production are
resented in Table 3 . 

For environmental footprint indicators, one of the most recent and
pdated impact assessment methods such as ReCiPe 2016 [18] was ap-
lied for analysis. We calculated twenty-two indicators, but the empha-
is was on global warming, water consumption, terrestrial acidification,
nd freshwater eutrophication potential because these indicators have
eceived the most attention in the international literature. Additional
alculated ReCiPe2016 impact categories are presented in the supple-
entary data. Each crop’s final index was calculated by aggregating en-

ironmental impacts into a single score using normalization and weight-
ng set World ReCiPe H/A (human health 400; ecosystem quality 400
nd resources 200). The openLCA 1.10.3 software [19] was used for life
ycle impact assessment. The Ecoinvent LCA database v.3.1 [20] was
sed for retrieving secondary life cycle inventory data about investi-
ated crops. 

. Results and discussion 

.1. Water-energy-environment nexus of wheat production 

The results of the analysis for wheat production are presented in
able 4 . The total energy input in wheat production was estimated
t 12,578 MJ ha − 1 or 2626 MJ t − 1 . Among all the production prac-
ices ( Fig. 2 a), fuel and machinery mechanization was the most energy-
onsuming input with 46%, followed by seed (26%), irrigation (21%),
nd fertilizers (8%). Pesticides have negligible impacts. 

The estimated energy input for growing wheat is generally lower in
omparison with other studies. Ghorbani et al. [21] estimated the energy
nput in irrigated wheat systems in North Iran was 15,835 MJ t − 1 or
5367.6 MJ ha − 1 . Ghasemi-Mobtaker et al. [22] calculated 43054.63
J ha − 1 or 8143.5 MJ t − 1 for a given yield of 5.287 t ha − 1 in West

ran. In Turkey [23] , the total energy input in wheat was calculated to
e 23,231 MJ ha − 1 or 5162.5 MJ t − 1 for a given yield of 4.5 t ha − 1 . In
ew Zealand [24] , total energy consumption in wheat production was
stimated at 22,566 MJ ha − 1 . In Sudan [25] , it ranged from 30,638 MJ
a − 1 (12,050 MJ t − 1 ) to 33,160 MJ ha − 1 (11,689 MJ t − 1 ) depending on
he tillage system. In Pakistan [15] , the energy consumed for the inputs
n the production of wheat crops is 34,430.98 MJ ha − 1 , with an average
heat yield of 3712.85 kg ha − 1 . 

Energy use efficiency, specific energy, energy productivity, and net
nergy gain in wheat production ( Table 4 ) were calculated as 4.95, 2.63
J kg − 1 , 0.38 kg MJ − 1, and 49,692 MJ ha − 1 , respectively. The values of

nergy indices vary throughout the literature. Singh et al [17] reported
n energy use efficiency of 5.20 and specific energy up to 9 MJ kg − 1 for
rrigated wheat in India. Khan et al [26] reported an energy efficiency
or wheat as 9.21, specific energy of 2.23 MJ kg − 1, and energy productiv-
ty of 0.44 kg MJ − 1 in Australia. In Iran, Ghorbani et al. [21] calculated
nergy use efficiency as 1.44, specific energy as 15.83 MJ kg − 1 , energy
roductivity as 0.06 kg MJ − 1 , and net energy as 19968.69 MJ ha − 1 .
hese values were 3.52, 5.16 MJ kg − 1 , 0.19 kg MJ − 1, and 58,489 MJ
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Table 1 

Input and yield data for wheat and maize production in Albania [ 12 ]. 

Parameter Wheat Maize Unit 

Inputs 
Seeds for sowing 33.4 9.29 kg t − 1 

Organic Fertilizer (50% poultry-50% dairy cattle) 4.11 3.05 kg N t − 1 

Syntethic nitrogen-based fertilizers 3.7 2.74 kg N t − 1 

Phosphorus based fertilizers 1.4 1.0 kg P 2 O 5 t 
− 1 

Potassium based fertilizers 0.33 0.25 kg K 2 O t − 1 

Pesticide, unspecified 0.063 0.046 kg t − 1 

Tractor fuel use 20.3 14.6 kg t − 1 

Working time 2.0 1.4 hours t − 1 

Tractor, module manufacturing 1.0 0.7 kg t − 1 

Water for irrigation 324.3 715.2 m 

3 t − 1 

Electricity for irrigation 17.6 39.0 kWh t − 1 

Land occupation 1878.9 1300 m 

2 t − 1 

Crop yield output 
Crop Yield 4.78 6.46 tha − 1 

Table 2 

Formula to calculate energy indices in crop production. 

Indicator Unit Formula 

Energy use efficiency - Energy use eff iciency = Energy output ( MJ h a −1 ) 
Energy input ( MJ h a −1 ) 

Energy productivity kg MJ − 1 Energy product ivit y = Crop output ( kg h a −1 ) 
Energy input ( MJ h a −1 ) 

Specific energy MJ kg − 1 Specif ic energy = Energy input ( MJ h a −1 ) 
Crop output ( kg h a −1 ) 

Net energy MJ ha − 1 Net energy = Energy output ( MJ h a −1 ) − Energy input ( MJ h a −1 ) 

Table 3 

Energy equivalents were used in the study for different agricultural operations. 

Parameter Energy equivalents (MJ unit − 1 ) Unit Refs. 

Seeds, wheat (average hybrid and general) 20.1 kg [ 32 ] 
Seeds, maize 9 kg [16] 
Manure 0.3 kg [ 32 ] 
Nitrogen-based fertilizers 47.1 kg [ 32 ] 
Phosphorus based fertilizers 15.8 kg [ 32 ] 
Potassium based fertilizers 9.28 kg [ 32 ] 
Pesticide, unspecified 193 kg [15] 
Diesel fuel 47.8 kg [ 15,32 ] 
Tractor machinery 62.7 kg [15] 
Water for irrigation 1.02 m 

3 [ 15,32 ] 
Electricity for irrigation 12 kWh [15] 
Wheat, yield 13 kg [15] 
Maize, yield 14.7 kg [17] 

Table 4 

Energy and footprint indices for wheat production in Albania. 

Item Unit Amount 

Energy input MJ ha − 1 2626 
Energy use efficiency - 4.95 
Energy productivity kg MJ − 1 0.38 
Specific energy MJ kg − 1 2.63 
Net energy MJ ha − 1 49,692 
Global warming potential kg CO 2 -eq t − 1 242.2 
Acidification potential kg SO 2 -eq t − 1 4.05 
Water consumption potential m 

3 t − 1 288 
Freshwater eutrophication potential kg P eq t − 1 0.135 
Marine eutrophication potential kg N eq t − 1 0.91 
Fossil fuel scarcity kg oil eq t − 1 47.2 
Mineral resource scarcity kg Cu eq t − 1 1.1 

h  

M
 

t  

w  

o  

d  

f  

s  

i  

s  

t  

w  

N  

p  

[  

a  

r  

e  

g

t  

t  

i  

c  

[  
a − 1 in Turkey [23] and 1.4, 9.27 MJ kg − 1 , 0.107 kg MJ − 1, and 13,836
J ha − 1 in Pakistan [15] . 

In terms of GWP, wheat produced generated 242.2 kg CO 2 -eq per
on of product or 1211 kg CO 2 -eq ha − 1 . Fertilization contributed 41%
hile mechanization represented 39% ( Fig. 2 b). It was found that 19%
3 
f the gross GWP100 was a result of soil N 2 O emissions. The pro-
uction of fertilizers contributed 19% of the gross GWP100 where N-
ertilizer was responsible for most of the impact. Our findings are con-
istent with Awadalla [25] , who estimated the GWP of wheat in Pak-
stan to be 233.36 kg CO 2 -eq per ton of product. However, the re-
ults differ from other studies. The GWP for a ton of wheat produc-
ion in Australia [27] was found to be 304 kg CO 2- eq, 560 kg CO 2- eq
ith a range of 300–1070 kg CO 2- eq in Europe [28] , 440 kg CO 2 -eq in
orthern Italy [29] , 190 to 435.3 kg CO 2 -eq in Southern Italy [30] de-
ending on fertilizer and water input, 450 to 910 kg CO 2 -eq in Iran
31] according to their yield level (high, medium, low) for irrigated
nd rain-fed production, 317.81 to 380.16 kg CO 2 -eq of irrigated and
ain-fed wheat in central Iran, Mahyar plain [32] , 560 to 640 kg CO 2 -
q in China [33] when the crop is irrigated with reclaimed water and
roundwater. 

The water consumption indicator for wheat production was 288 m 

3 

 

− 1 , with on-farm irrigation accounting for 84% of total water consump-
ion ( Fig. 2 c). Other inputs have a smaller share, with fertilizers account-
ng for 12% and seeds accounting for 4%. Usually, direct freshwater
onsumption primarily contributes to the impact on water consumption
34] . Todorovi ć et al. [30] estimated a WCP from 137.03 to 497.3 m 

3 in
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Fig. 2. Process contribution to energy and environmental impacts of wheat production in Albania. 
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outhern Italy depending on fertilizer and water input which is similar
o the results of this study. The terrestrial acidification was estimated at
.05 kg SO 2 -eq t − 1 while freshwater eutrophication was 0.135 kg P-eq
 

− 1 . These impacts were mainly due to the application and production of
ertilizers ( Fig. 2 d and e). Achten and Van Acker [28] reported that acid-
fication of wheat production in Europe varies from 1.95 to kg SO 2 -eq
 

− 1 with an average of 3.05 kg SO 2 -eq t − 1 while eutrophication poten-
ial is 0.34 to 3.04 kg PO 4 -eq t − 1 with an average 1.67 kg PO 4 -eq t − 1 .
ossil fuel scarcity, representing the non-renewable depletion of coal,
as, and oil was estimated at 47.17 kg oil eq. It was mostly impacted by
echanization sharing 64% of the impact. 

The total environmental footprint (ReCiPe single score) of wheat in
lbania is 69.3 points ( Fig. 3 ). Fuel and machinery mechanization in-
uces 56% of the total environmental footprint, followed by irrigation
17%), fertilizers (13%), land occupation (10%), and seed production
5%). With a 79% contribution, foreground processes (on-farm) make a
ignificant contribution to the total footprint. 
4 
.2. Water-energy-environment nexus of maize production 

The results of the analysis for wheat production are presented in
able 5 . The total energy input per ton of production in maize produc-
ion was 1927.1 MJ t − 1 or 12,448.6 MJ ha − 1 . For this crop, irrigation
merges as the main energy input, accounting for 62% of total energy
nput ( Fig. 4 a). Mechanization constituted 25% of the total input energy,
hile fertilizers and seeds 8% and 4%, respectively. The energy input

or maize production varies throughout literature depending on farm in-
ut and corresponding yield. The energy input for maize was estimated
t 4,200 to 10,400 MJ ha − 1 in Northern Italy [35] depending on tillage
ystems; 39295.50 MJ ha − 1 in Iran [36] , 16,482 to 23,338 MJ ha − 1 

or organic and conventional maize in Greece [37] ; 16,100 to 18,100
J ha − 1 in Baltic countries depending on tillage systems [38] ; 9803.78
J ha − 1 in Nigeria [39] . Energy use efficiency, specific energy, energy

roductivity, and net energy gain in maize production ( Table 5 ) were
alculated as 7.63, 1.93 kg MJ − 1 , 0.52 MJ kg − 1 , and 82,513 MJ ha − 1 ,
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Fig. 3. Process and sub-system contribution to 
the total environmental footprint of wheat pro- 
duction in Albania. 

Table 5 

Energy and footprint indices for maize production in Albania. 

Item Unit Amount 

Energy input MJ ha − 1 1927.3 
Energy use efficiency - 7.63 
Energy productivity kg MJ − 1 0.52 
Specific energy MJ kg − 1 1.93 
Net energy MJ ha − 1 82,513 
Global warming potential kg CO 2 -eq t − 1 181 
Acidification potential kg SO 2 -eq t − 1 2.82 
Water consumption potential m 

3 t − 1 561 
Freshwater eutrophication potential kg P eq t − 1 0.1 
Marine eutrophication potential kg N eq t − 1 0.67 
Fossil fuel scarcity kg oil eq t − 1 35.13 
Mineral resource scarcity kg Cu eq t − 1 0.94 
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espectively. In Iran [36] , these indicators were calculated as 1.48, 5.28
J kg − 1 , 0.1 kg MJ − 1 , and 18,769 MJ ha − 1 , respectively. In Nigeria

40] these values were 3.43, 9.95 MJ kg − 1 , 0.19 kg MJ − 1 , and 33,510
J ha − 1 . Bilalis et al. [37] in Greece estimated energy use efficiency,

nergy productivity, and net energy gain in maize production as 8.63,
.59 MJ kg − 1 , and 178,052 MJ ha − 1 , respectively. 

Maize produced 181.1 kgCO 2 -eq per ton of product. Both fertilizers
nd diesel combustion in field operations contributed with 38% and
8% while irrigation with 23% of total GWP ( Fig. 4 b). Around 11%
as attributed to seed production. For 1 of ton maize production, the

eported GWP is 393.86 kg CO 2 -eq in North China Plain [41] , 620 kg
O 2 -eq in Northeast China [42] , 410 kg CO 2 -eq in Northern Italy [29] ,
nd 590 to 850 kg CO 2 -eq in Poland [43] . 

For maize, the water consumption indicator was estimated at 561
 

3 t − 1 . Most of the water consumption (96%) was caused by water for
rrigation and the rest was made from fertilizers (4%). The terrestrial
cidification was estimated at 2.82 kg SO 2 -eq t − 1 while freshwater eu-
rophication was 0.1 kg P-eq t − 1 . Król-Badziak et al. [43] estimated a
imilar range of AP from 2.21 to 3.02 kg SO 2 -eq t − 1 . Fossil fuel scarcity
as estimated at 35.13 kg oil eq with 45% from mechanization and 28%

rom irrigation and the rest from fertilizers and seeds. 
The total environmental impact of maize production in Albania is

0.2 points ( Fig. 5 ). The most important factors governing maize’s en-
ironmental footprint were the application of irrigation (41.5%) and
echanization (34%). Fertilizers share about 9% of the total environ-
5 
ental footprint while seeds 7%. Similar to whet production, fore-
round processes (on-farm) contribute 75% of the total environmental
ootprint. 

.3. Discussion 

Agriculture production frequently consumes large amounts of land,
ater, fertilizer, and pesticides, resulting in significant environmental

hanges in many parts of the world. Crop production necessitates both
ater and energy; pumping, treating, and transporting water necessi-

ates energy; and energy production necessitates water. Energy, water,
nd environmental issues are inextricably linked because it is nearly
mpossible to produce, transport, or consume water and energy without
ausing environmental damage. Knowledge gaps exist in process, sys-
em, technology, and policy linking water with food and energy [44] .
s a result, research on the nexus of food, water, and energy resources
nd their impact on the Earth system is a must to provide affordable and
eliable resources in an environmentally sustainable way [45] . Under-
tanding how alternative agricultural production systems, agricultural
nput efficiency, and food choice contribute to environmental degrada-
ion is critical for mitigating agriculture’s environmental impacts [46] .
ur effort is a preliminary attempt to provide useful insights into the
onnected and evolving consequences of feed crop production in Alba-
ia by explicitly modeling food-energy-water-environment interactions
sing LCA. Our analyses show that crop production in Albania is associ-
ted with multiple environmental impacts, with the majority of the cul-
ivation environmental impact caused by on-farm fertilizer emissions,
iesel emissions from machine use, and irrigation water, confirming that
he on-farm (foreground) subsystem is important from an environmen-
al standpoint. Yet, from a methodological point of view, this study un-
erlines the need for a life cycle perspective to capture trade-offs and
void burden shifting as the production and transportation of farm input
ccount for more than one-quarter of the impacts. A comparison with
ther scientific studies demonstrated that the energy input for wheat
roduction in Albania is less compared to Iran [ 21 , 22 ], Turkey [23] ,
ew Zealand [24] , Sudan [25] , and Pakistan [15] . The global warming
otential was found to be lower than the European average [28] , Iran
 31 , 32 ], and China [33] . For maize, the energy input for maize produc-
ion was lower than in Northern Italy [35] , Iran [36] , Greece [37] , and
altic countries [38] while the global warming was less than in China
 41 , 42 ], Italy [29] and Poland [43] . Wheat and maize production in
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Fig. 4. Process contribution to energy and environmental impacts of maize production in Albania. 
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lbania is less resource-intensive, and thereby more environmentally
riendly as the limited access to agricultural inputs in Albania has im-
lied low input agriculture. The use of mineral fertilizers in Albania has
een drastically reduced since 1990 [ 47 ]. Moreover, energy consump-
ion is relatively low in Albanian arable farming subsystems due to the
ow level of farm mechanization. Meanwhile, irrigation is characterized
y relatively lowest energy needs and related emissions since water for
rrigation is pumped mainly from surface water, and the uptake of high
nergy demanding pressurized irrigation systems is still very limited
11] . Low-input cropping systems were introduced in Western Europe
o reduce the environmental impacts of intensive farming, but some of
heir benefits are offset by lower yields and land-use efficiency [ 48 ].
ow-energy inputs can lead to lower yields and perversely to higher en-
rgy demands per ton of harvested product [ 49 ]. Hence, the choice of
he functional unit (land vs. productivity) may strongly influence the
nvironmental impacts of crop cultivation. 

Albanian agriculture is currently undergoing modernization mea-
ures to increase the agri-food sector’s competitiveness and progres-
6 
ively align it with the EU acquis. Modernization is characterized by a
radual increase in productivity, efficient irrigation systems, new tractor
achines, and improved fertilizer use due to farmland nutrient manage-
ent methods. Modernization indicates that the irrigation withdrawals
ill likely increase, thus a general challenge is the calibration of the

rrigation withdrawals and accounting for the water competition with
he energy sector. Albania is relatively water-rich, however, 98% of in-
talled electricity capacity is based on hydropower. The annual energy
emand in Albania is expected to increase by 77% in 2030 compared
o 2018 levels [ 50 ]. It is recognized that numerous tensions may arise
ithin the water-energy-food nexus, which are primarily related to the

nteracting water demands of the energy sector [51] . As a consequence,
ultiple components of the food-energy-water-environment should be

he subject of scientific research. Advocating for agricultural intensifi-
ation must be accompanied by a multi-indicator and life cycle perspec-
ive to mitigate the unexpected negative effects of these modernization
rocesses (e.g. rebound effect on water consumption due to energy use,
ncreased fertilizer, and energy input and infrastructure, etc.). Assessing
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Fig. 5. Process contribution to the total envi- 
ronmental footprint of maize production in Al- 
bania. 
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he food-energy-water nexus is a complicated task that requires the inte-
ration of highly heterogeneous data sets and multiple models with dif-
erent spatial and temporal resolutions. The nexus is complex and exists
n many scales, from the global and national scale down to the end-user.
urrently, available databases and software make LCA, a key tool for in-
egrated nexus assessments [7] enabling understanding of the nexus and
ther environmental impact categories from a ‘cradle-to-grave’ perspec-
ive [52] and the tradeoffs and synergies throughout the value chain
46] . 

. Conclusions 

This study used LCA-based indicators to provide insights into the
ater-energy-environment nexus associated with wheat and maize pro-
uction in Albania. The results indicate that growing 1 ton of wheat
equires 2626 MJ of energy, 288 m 

3 of water, and generates 242.2
gCO 2 -eq while 1 ton of maize requires 2008.3 MJ of energy, 561 m 

3 

f water, and generates 181.1 kgCO 2 -eq. Energy use efficiency, specific
nergy, energy productivity, and net energy gain in wheat production
ere calculated as 4.95, 2.63 MJ kg − 1 , 0.38 kg MJ − 1, and 49,692 MJ
a − 1 , respectively. Maize performs better with 7.63, 1.93 kg MJ − 1 , 0.52
J kg − 1 , and 82,513 MJ ha − 1 , respectively. Calculating a final environ-
ental index due to resource use and emissions we found that maize has
 13% lower environmental footprint, i.e. generate 60.2 points versus
9.3 points of wheat production. Wheat uses more seed and mechaniza-
ion but lower irrigation energy in comparison to maize production. On
he other hand, maize has better crop productivity. The results demon-
trated highlight that efficient use of irrigation water, fertilizers, and
uel is needed to improve global warming, energy performance, and the
verall environmental sustainability of wheat and maize production in
lbania. 

Our assessment is the first attempt to model, map, and quantify the
onnections of water, energy, and the environment of feed crops in Al-
anian agriculture. The information derived was useful to generate a
aseline understanding of energy performance and environmental foot-
rint of crops and explore benefits and trade-offs from a holistic per-
pective. Modernization projects are providing opportunities for Alba-
ian agriculture, yet, technology and policy changes can end with ei-
her co-benefits or unintended tradeoffs and environmental impacts. As
 result, quantitative studies involving nexus modeling and thinking are
rucial to assess the resource demands and environmental impacts of
7 
echnology and policy changes, thus helping to identify interventions
or improving the eco-efficiency of cropping systems. 
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