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An integrated life cycle and water
footprint assessment of nonfood
crops based bioenergy production

Jun Li%%%*!, Fengyin Xiong®“® & Zhuo Chen***

Biomass gasification, especially distribution to power generation, is considered as a promising way
to tackle global energy and environmental challenges. However, previous researches on integrated
analysis of the greenhouse gases (GHG) abatement potentials associated with biomass electrification
are sparse and few have taken the freshwater utilization into account within a coherent framework,
though both energy and water scarcity are lying in the central concerns in China’s environmental
policy. This study employs a Life cycle assessment (LCA) model to analyse the actual performance
combined with water footprint (WF) assessment methods. The inextricable trade-offs between

three representative energy-producing technologies are explored based on three categories of non-
food crops (maize, sorghum and hybrid pennisetum) cultivated in marginal arable land. WF results
demonstrate that the Hybrid pennisetum system has the largest impact on the water resources
whereas the other two technology options exhibit the characteristics of environmental sustainability.
The large variances in contribution ratio between the four sub-processes in terms of total impacts

are reflected by the LCA results. The Anaerobic Digestion process is found to be the main contributor
whereas the Digestate management process is shown to be able to effectively mitigate the negative
environmental impacts with an absolute share. Sensitivity analysis is implemented to detect the
impacts of loss ratios variation, as silage mass and methane, on final results. The methane loss has
the largest influence on the Hybrid pennisetum system, followed by the Maize system. Above all, the
Sorghum system demonstrates the best performance amongst the considered assessment categories.
Our study builds a pilot reference for further driving large-scale project of bioenergy production

and conversion. The synergy of combined WF-LCA method allows us to conduct a comprehensive
assessment and to provide insights into environmental and resource management.

Abbreviations

AD Anaerobic digestion

ALO  Agricultural land occupation

CcC Climate change

CHP  Combined heat and power

DM Dry materials

FAO  Food and Agriculture Organization
FD Fossil depletion

FE Freshwater eutrophication
FET  Freshwater ecotoxicity
FU Functional unit

GHG  Greenhouse gas

GWP  Global warming potential

HT Human toxicity

IPCC Intergovernmental Panel on Climate Change
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IR Tonising radiation

LCA  Life cycle assessment

MD Metal depletion

ME Marine eutrophication

MET  Marine ecotoxicity

NLT  Natural land transformation
OD Ozone depletion

PMF  Particulate matter formation
POF  Photochemical oxidant formation
TA Terrestrial acidification

TET  Terrestrial ecotoxicity

TS Total solid

ULO  Urban land occupation

\s Volatile solid

WD  Water depletion

WF Water footprint

WEFb  Blue water footprint

WFg  Green water footprint

WFgr Grey water footprint

Water scarcity, together with energy crisis and other environmental pressure such as air pollution has soared and
affected the socioeconomic development of China' Fossil fuel combustion related carbon emissions weigh a
significant share in China’s GHGs emissions, in which a majority part is attributed to the transport sector while
still relying heavily on conventional fuels. Appropriate measures need to be implemented timely to optimize the
nation’s energy supply structure to achieve the long term climate stabilization target®. In this regard, China has
committed to increasing the share of non-fossil and reaching CO, emissions peak by 2030 and carbon neutral
economy by 2060, in compliance with the Paris Agreement*. Bioenergy, as a promising alternative, is expected
to replace more than half of fossil energy®. And the global interest in bioenergy has grown to fill up energy gap®.
Both China and the developed countries, the EU and the US among others, have committed to enhancing the
share of bioenergy, such as biogas and biodiesel, through various policy incentives. For example, large-scaled
biogas projects in China receive currently an average subsidy of 2500 CNY(360 US$) m™ biogas, 0.25 kwh™!
electricity or 1500 CNY (215 US$) for each anaerobic digestion device*.

Biogas, with easier compression storage and higher security, is especially characterized by its superiority of
energy conservation and emission reduction, has been vigorously promoted throughout different world regions”®.
However, the scientific community has reached a general consensus that biogas, mainly obtained from the
anaerobic digestion of agricultural waste, organic waste and sewage’, has difficulties in feedstock supply (includ-
ing biomass collection and distribution and instability of resources'®-'2. The relevant technology roadmaps, in
regard to biogas system fed with organic feedstock, have been widely recommended'®. The expansion of this
measure is considered to contribute to ensure constant raw materials. Such non-food crops as sorghum, maize or
energy grass are mostly preferred by means of abundant contained carbon to the benefit of biogas production!*'¢,
together with higher storage capacity and availability'”8.

Currently, this kind of biogas production makes up 15% of biomass energy production in Germany which
has set a target of 10 billion m? in 2030'. Similar situation also happens in Poland where the share of biogas
from agricultural waste has increased to 32% in total biomass supply by 2015%°. However, an imminent concern
has been raised as to whether biogas production will pose threats to the global food security*. Subsequently, a
sustainable solution has been proposed by producing biomass feedstock on marginal land to relieve the conflict
with traditional agriculture. Some forecasting studies suggest that the implementation of non-food biomass
production in China would satisfy have a potential of over 290 million tonne of oil equivalent (mtone) each year
with full utilization of marginal land*?, which is equivalent to nearly 10% of total primary energy supply in China.

Currently, water resource stress and environmental degradation associated with energy production have
received heightened focus where the interconnection among these three pillars should be further analysed for
more harmonious coexistence??. Nevertheless, few studies in previous literature have addressed the water con-
sumption issue in relation to the supply chain of bioenergy production based on an integrated approach. There-
fore, an in-depth quantitative assessment is necessary to in order to improve the comprehensive management
of biogas-related water consumption. In this regard, water resource flowing into the biogas production process
should be rigorously investigated on a life cycle basis?>*. Water footprint (WF), an explicit multi-dimensional
indicator measuring freshwater appropriation volumes by resource or pollution category, has been identified
as a principal tool for water resources quantification analysis?’. The notion of WFE, initiated by Hoeksta, mainly
reflects the total freshwater water consumptive volume incorporating direct and indirect water’®?. In the present
study, WF is taken into consideration to determine water consumption within system boundary.

A majority of previous researches have either applied LCA, as a fundamental tool to clarify the relationship
between biogas production and environmental performance®-*, or integrated with economic cost**=* of bio-
energy production. These literatures have revealed that the single method has some limitations and incomplete-
ness. Meanwhile, the authors recognized the importance of examining the freshwater resource consumption
associated with large-scale renewable energy supply. The integrated LCA and WF assessment methods, can
therefore offer a promising way of reconciling water and energy studies within a comprehensive methodologi-
cal framework?. This combined approach has been widely implemented in crops cultivation fields whereas its
application in renewable energy production is rather scant®’~*°. Although WF calculation has been reflected
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in various studies of crop cultivation, few have applied it to the field of energy production and waste manage-
ment studies. Furthermore, most of these researches mainly calculate the water consumption under an ideal
condition®. Therefore, an improvement in WF calculation methods may avoid or minimize the degree of devia-
tion in quantitative assessment.

To bridge the research gap identified in on the above discussion, this paper presents a case study based on the
integrated LCA-WF methods to develop an improved integrated LCA approach for environmental sustainability
assessment*!. Some quantitative assessment of environmental performance and water source consumption have
been carried out to screen out the “hotspots” through the whole biogas production process.

Materials and methods
Three primary non-food crops, Maize, sorghum and hybrid pennisetum are being extensively cultivated our
studied geographic region, i.e., Penglai City (37°N Lat, 120°E Long, Altitude 20 m, Rainfall 576.9 mm), located
in the eastern part of China’s Shandong Province. These three representative crops belong to the representative
crops of Starch, Carbohydrate and Cellulose class, respectively. Sorghum has been rapidly developed since it has
been listed the non-grain energy crops approved by the government. This crop had the similar yield potential
to maize, especially in drought resistance*>**. Hybrid pennisetum, as the hybrid product from P. americahum
and P. Purpureum, member of Pennisetum family, is also strongly adaptable to the infertile marginal soil in the
northern Chinese plain where the return to the planation of staple food and other cash crops (such as fruiters)
is reportedly low. The typical feature of this crop is reflected by its high cellulose content of 36.15%, equivalent
to the maize. C/N ratio reaches 27.54:1, close to the optimum anaerobic digestion ratio of (20-30:1) that was
reported in previous research*. In addition, all of these three crops have efficient photosynthetic performance,
which is particularly suitable for crop cultivation and management. This finding has also been tested and cor-
roborated in previous experimental results under various conditions**. Therefore, these three crops are identified
as the most promising crops among other energy crops.

The integrated LCA -WF method is employed in this paper. The main modelling structure proceeds as follows:
(1) Defining the system boundary to clarify the specific input and output. (2) Adopting LCA for environment
impacts analysis from various sub-process. (3) Implementing the water footprint assessment for water resource
consumption quantification. (4) Conducting sensitive analysis to demonstrate the impacts of data parameter
variation on final results. Furthermore, ReCiPe and IPCC method are applied to evaluate the environmental
problems categorized with multiple impacts. Finally, we discuss some optimization issues arising in water foot-
print calculation in regards to how to take grey water footprint (WFgr) into consideration in an accurate manner,
as pointed out by®.

Goal and scope definition. Since early 2000s, the Chinese National Energy Administration has launched
a nationwide campaign to accelerate the combined heat and power (CHP) technology deployment for bioenergy
conversion to realize the optimization of the country’s energy supply structure and to maximise the energy
efficiency. This end-use utilization measure is characterized by certain practical significance with a high biogas
utilization efficiency of 70-80%*. The functional unit (FU), as the basis of the system research, is expressed as
IMWh electricity corresponding to this motivation. The detailed system boundary of our study is described in
Fig. 1. Furthermore, the involved distribution principle relies on economic value that is recommended in the
ISO 14040, allowing the system analysis to reflect the share of environmental burden from relevant materials.

Life cycle inventory. In the life cycle inventory part, the corresponding input and output flow chart are
presented where the relevant details have been compiled within the system boundary*!. The related data are col-
lected from field investigation (the input of crop cultivation), the Ecoinvent database (background data) as well
as the lab experiment data (with the major biogas and crop physicochemical characteristic).

Crop cultivation. 'The studied three non-food crops, i.e. Maize, Sorghum, and hybrid pennisetum are cultivated
in the marginal land. To simplify our research hypothesis and data processing without loss of generality, it is
assumed that carbon emission and uptake associated with land use change remain at an equilibrium and stabil-
ity level.

The diesel consumption for ploughing, harrowing as well as the harvesting has been published in aggregate
terms in local statistical yearbook and reported by field investigation in several Northern provinces in China.
The pollutants emissions are calculated in line with emission coefficient whereas the machinery wastage of agri-
cultural vehicles has been excluded in our analysis (which is very small compared with the direct emissions from
the major processes of crops production). Additionally, chemical nutrients and pesticide during the cultivation
process, being the non-negligible input for growth and yields, are systematically considered in the LCA analysis.
The determination of the actual consumption relies on the absolute nutrient balance, depending primarily on the
soil and crops characteristics. These materials expansion is accompanied with the nutrients loss and pollution
transfer. Assumptions are being made to take the nitrogen content of fertilizers as reference. The corresponding
pollution values are then obtained from the fertilizer efficiency equation.

As far as the water usage for irrigation is concerned, the deep groundwater is pumped at a distance to meet the
crops demands. For the sake of brevity and simplicity, 1 m? of water pumped from a depth of 500 m is assumed
while the pumping efficiency is set as 80% with an average electricity consumption of 1.7kWh based on the work
and energy equation?. In addition, the plastic film pollution is disregarded as a result of low utilization and lack
of data sources. The demand for the seeds depends on the crop requirement and seed quantity. For illustrative
purposes, it is assumed that the seeds are supplied from natural sources rather than organic production without
upstream inputs consideration. A default distance of 20 km is set for transporting the crop and digestate to the
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Figure 1. System boundary of three bioenergy production systems
Crop DM content (t) | CH4 content (%) | Biogas yield (m*t ! TS) | TS (% mass)
Maize 335 60 196.7 0.223
Sorghum 30.5 50 334.58 0.442
Hybrid pennisetum | 33 63 187.53 0.22

Table 1. Summary of crop characteristics. DM: dry materials, the measured weight of materials, removal
of free water, is kept constant after drying. TS: total solid, organic and inorganic matters embodied in the
materials. VS: volatile solid, organic matters embodied in the raw materials.

production destination. The determination of destination pertains to relevant scenario simulation, where the
distance from field to biogas plants and to the digestate management sites has been both hypothesized as 20 km.
This assumption has been built on the scale required for the development of industrialised Biogas generating
plants which integrate the feedstock cultivation with the downstream digestate management.

Anaerobic digestion. This sub-process scope derives from the crops silage to biogas production. After trans-
ported to the destination, the crops are stored for an extended period mainly optimization to the top state
where the total weight is assumed to decrease 10% regardless of trace pollution. Anaerobic digestion (AD) is
implemented under mesophilic conditions of 37 °C with the premise of suitability and lower energy consump-
tion. The proportion between the volatile solid (VS) of materials and inoculum is chosen as 2:1. The inoculums,
produced as part of the waste materials with high-degree moisture, are assumed to have neutral impacts on the
environment in the current study. The crop characteristics of the anaerobic digestion are measured and shown
in the Table 1 on the basis of external experimental results. Besides, the details on specific energy consumption
to preserve normal external machine operation are provided in Online Appendix Al.

Digestate management. 'The gas-tight tank is considered for digestate storage in some references resorting to
minimizing these residual emissions. However, many biogas plants remain to collect the anaerobic digestion
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residue (digestate) in open lagoons or tanks, though ammonia methane and nitrous oxides are emitted as the
digestion process continues in open containers. This method of storing digestate in open tank is preferred as
it is in line with physical property for biogas plants. Besides, it has been widely debated whether the residue
emissions will be eliminated or just temporarily accumulated in gas-tight tanks. Therefore, an open tank stor-
ing the digestate for a period of 150-180 days, would generate such GHG emissions as methane, ammonia and
nitrous oxide. The processed digestate, as a promising alternative to substitute the chemical fertilizers, has been
modelled within an enlarged system boundary in Simapro, and will be consequently transported to a designated
destination for further application. The relevant data of substituting fertilizers has been presented in Online
Appendix A3, concerning Phosphate, nitrogen and potassium fertilizers, where the corresponding emissions
associated with the digestate utilization have also been reported. The specific environmental credits are further
determined by subsequent allocation and physicochemical property where the allocated environmental benefits
subtract the avoided pollutants caused by the substitution of fertilizers for the final assessment of environmental
impacts. The allocation is a critical issue as the biogas is deemed as the main by-product accounting for 80%,
20% of digestate, referring to the economic values embodied into these two materials*®.

Biogas utilization. 'The biogas is supposed to supply the internal combustion for generating electricity com-
bined with heat. Currently, the energy efficiency of biogas internal-combustion generator may reach 32%. This
conversion efficiency ratio is utilized to measure the various biogas volume due to the non-identical methane
content. The biogas is supposed to be purified and then injected into the gas network, where the CO,, PPM,
H,S, water and minute N,.H,S will be removed by means of various deployments in the regeneration tank.
The relevant emissions associated with biogas purification and compression are provided in Online Appendix
Table A4, where the pollutants were mainly calculated on the basis of considered factors relating to purification
and upgrading processes with reference to reviewed literature. The biogas leakage effect is excluded from our
analysis and are not incorporated into the life cycle inventory of its micro-pollution characteristics*»*.

Water footprint. The Cropwat software, developed by the Food and Agriculture Organization (FAO), has
been widely adopted in numerous WF researches'®?®. However, the results associate with WF, were calculated
under the ideal state, neglecting the wastage during the irrigation period®. Therefore, the combined method of
integrated Cropwat and formula is applied for analysing the practical water flows.

The WF, consumption is dependent on the rainfall, generated by evaporation stored in the soil or the surface
of vegetation temporarily for crops growth2. In other words, WFg from anaerobic digestion and biogas utiliza-
tion processes were not considered in the WF calculation. The data of daily rainfall, relative humidity, average
wind speed, maximum and minimum temperature is collected through meteorological stations report for WFg
estimation, which is then calculated by Eq. (1)**°*:

W, = WU _ g Min(ETePyr) O
Y Y
where ET represents the potential evapotranspiration during reproductive periods (mm) while P,y Y are defined
as valid rainfall (mm), fresh weight (kg/hm?) respectively, and 10 is taken as the unit conversion coefficient.
Equation (2) from the American soil Conservation Service is employed for the effective rainfall determination
where P is the reproductive rainfall (mm).

P(41.67—0.2P)P < 83.33
= 41.67 — .
Peg { 41.67 + 0.1PP > 83.33 @

ET. = ETy x K, x K 3)

The newly added K; is included to depict the soil moisture condition, reflecting the symptom of water sup-
ply diversity wherein the values embedded into the software are quoted. Other parameters of both ET, and K,
were referred to previous literature®*°. The K, represents the crop coefficient, reflecting the influence of crop’s
physiological shape and cultivation conditions on the water demand, which is relatively constant. The meaning
of ET, (mm/day) is introduced to express the daily evapotranspiration of crops, calculated by Cropwat software
with the main parameters of temperature, sunshine hours, weed speed, humidity.

The impacts of following external factors on crops have been considered for WF, calculation, as shown in

Egs. (4)-(6).
ETy, + L
WFb = CWUb =10 x b + (4)
Y
ETy, = max(0,ET. — P,) (5)
Lo a x ETy(1 — ) ©)

“w

ET, (mm) is the considered water evapotranspiration to address the blue water of field crops. L (mm) refers to
the consumptive loss of the irrigation water during the transmission process and relates to the amount of irriga-
tion water and the soil condition. Its estimation is drawn on Eq. (6) to account for the complex performance of
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irrigation water consumption. p is utilization coefficient of irrigation water to weight the effective utilization of
irrigation water which is derived from the actual measurement and equals to 0.73°°. Moreover, taking the value
of 5%, implies the proportional loss of water surface evaporation in water delivery process™.

WPFgr represents the water pollution associated with fertilizers utilization through the crop cultivation pro-
cess. Based on the standards from EPA, less than 10 mg nitrogen per litre should be employed?®. The impacts of
pesticide on water quality have not been taken into consideration due to lack of relevant data. Equation (7) has
been employed to calculate this parameter:

AR)/(C — Cnat
Wy = (¢ x AR)/( 1:nax nat)

7)

a, reflecting the refraction purity from nitrogen fertilizer, is set as 25%. Cnat acts as natural background con-
centration of pollutant while Crmax as the maximum concentration allowed in the environment, assumed to be
10 mg/L and 0 respectively. Besides, AR (kg/hm?), as the fertilizer applied to each hectare, is set as the basis of
WPFgr calculation®.

Furthermore, this paper exploits the general phase accumulation method to calculate the industrial water
footprint by considering both the direct inputs and indirect water consumption. In principle, avoided water
footprint should be taken into account likewise in the life cycle assessment methods. However, it was advised
by some literatures to neglect the avoided contribution mainly due to lack of relevant data?*. Consequently, it
remains an important research gap which is worthy being further explored. Some supplement is raised that the
water footprint also demands to be distributed based on the economic value, similar to LCA.

Generally, the labour related water footprint is neglected in our WF analysis framework. It would cause the
double or inflate the WF calculation leading to inaccuracy if considered®. The transportation-related water
footprint is not employed either to given its negligible demand for water resource®'.

Results and discussion

Life cycle assessment. The ReCiPe Midpoint method is applied for environmental impacts assessment.
The positive values denote environmental burden while the negative values represent environmental credits
from LCA critique perspective.

Detailed assessment results in ReCiPe method. The characterized results are illustrated in Fig. 2 which reveals
the varied contributions of four sub-processes to each impact category. The sub-process that has larger contribu-
tions to the overall environmental impacts is preferentially elaborated thanks to its better representativeness.

The actual environmental burdens in cultivation presented by maize system (S1) mainly concentrates on
CC, OD, POE TET within the range of 25-56% where a large number of materials inputs relating to agricul-
tural behaviour generate these impacts. More attention is deserved to be paid for subsequent improvement in
agricultural pattern. Relative major environmental impacts are reflected by sorghum system (S2) on CC (28%)
and POF (40%). The raw materials required lowest from per functional unit among these three systems, that
is, performs relatively minimal environmental impacts. By contrast, hybrid Pennisetum system (S3) causes
significant total environmental impacts, ranging from 18 to 64% covering 8 categories, especially PMF being a
remarkable hotspot. Specifically, irrigation farming activities of this system shows distinct influences on NLT and
WD resulting from the highest blue water footprint. Other agricultural practices, such as fertilizer or machinery
utilization for field preparation and harvest, are closely interrelated to the rest of impact categories by means of
long growth cycle. Above all, the assessment results suggest that hybrid pennisetum system have major impacts
on the environment from single analysis perspective.

AD results of S1 illustrate a more serious influence on certain kinds of categories, such as TA, ME, PMF with
the specific values of 74%, 61%, 81% respectively. The primary reason relates to the ME indicator where the
nitrogen emissions, i.e., the whole life cycle of NOx and NH3, are identified as the calculation reference. Meso-
philic condition is maintained for smooth operation in anaerobic digestion process where diesel and electricity
are utilized for achievement. Digestate storage are also incorporated for consideration where organic materials’
chemical reaction exists to generate emissions pollution. Furthermore, these actual situations also aggravate
PMF and TA potentials. The environmental burden of S2 system is mainly reflected by resulting TA, ME and
PMF which range between 51 and 93%, and fossil energy consumption appears to account for a large amount of
fugitive pollution emission. On the contrary, S3 exhibits minimum influence to the total assessment, the contribu-
tion ratio to the TA, ME, PMF with the range of 59-72%. Overall, these assessment results reveal a remarkable
detrimental impact to groundwater, causing serious acidification and eutrophication among three systems. In
comparison, the result from S3 generated far less damage as compared with the aforementioned two systems.

In terms of digestate management process, the absolute share of the environmental burden and benefits
among these three systems have been presented. The negative values imply the ability of mitigating the envi-
ronmental pollution resulting from mineral chemicals generation. The main share of avoided environmental
pollution categories varieties is found to be attributed to S3 system, subject to the maximum digestate produc-
tion. Nevertheless, some severe environmental effects such as HT, FET and MET with the absolute values are
also proposed to be explicitly addressed. Such extreme adverse impacts on the groundwater and human health
are caused by large quantities of metal ions transported through leaching. Similar trends appear to other two
systems with an analogous rationale. Therefore, a new usage plan is encouraged to be developed for improved
environmental management.

Figure 2 also suggests that both the positive or negative environment impacts from biogas utilization are much
less than the other three processes. Note that all environment impacts generated by biogas utilization process
did not take explicit consideration of the heat recovery to keep our analysis framework succinct and transparent.
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Figure 2. Characterization results from four various sub-process of each system.

Once heat recovery consideration is involved in the LCA process, the related energy, materials consumption and
recycling efficiency should be appropriately taken into account. However, the data limitation and unavailable
recycling energy information would increase the uncertainty and inaccuracy in final assessments, rendering the
results more difficult to interpret.

Comparative analysis with IPCC method. 1t is highlighted that bioenergy produced from the energy crops need
to reduce the GHG emission relative to fossil fuels by 70%, a reference value recommended by the European
Commission’s bioenergy development guideline®. Some noteworthy suggestion is presented that fossil fuels, as
the reference substance likewise the report suggestion, are not adopted because of system boundary different
to this research. The total carbon footprint among these three systems and electricity generation were, there-
fore, calculated for comparison purposes on account of IPCC 2013 methods. More specifically, three evaluation
methods with different time horizon have also been applied with representative carbon dioxide equivalent fac-
tors, where the actual impacts of the systems on climate change are shown in Fig. 3.

There is a major finding to be addressed that three systems do not have worse performance than electric power
grid assessed by IPCC 20a (20 years) assessments results in absolute terms. Detailed examination suggests that
S1 and S2 would achieve a better result of GHG emission reduction, S2, in particular, appeared to nearly triple
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Figure 3. GHG impacts in various time horizon of each system based on IPCC methods in comparison with
market electricity under the same functional unit conditions.

Impact category | Unit S1 S2 S3 Market
CC kg CO2 eq 715.54 50.93 1470.58 1396.53
OD kg CFC-11eq | 0.00 0.00 0.00 0.00
TA kg SO2 eq 143.57 111.12 155.75 7.15
FE kgPeq ~101 ~0.62 ~1.07 0.20
ME kg Neq 43.02 9.39 51.70 0.18
HT kg1,4-DBeq |7724.71 4487.60 8666.75 199.82
POF kg NMVOC 3.72 -0.29 7.87 3.96
PMF kg PM10 eq 17.28 13.10 19.60 3.05
TET kg1,4-DBeq |-0.03 -0.18 -0.05 0.02
FET kg 1,4-DB eq 170,664.69 | 99,994.72 | 190,162.99 523
MET kg1,4-DBeq | 146,056.04 |85,576.04 |162,743.04 5.12
IR kBq U235 eq -172.41 —-110.41 —-179.63 2.21
ALO m2a -9.15 -35.30 -13.69 19.36
ULO m2a -56.79 —37.32 - 64.01 12.26
NLT m2 -0.13 -0.10 -0.12 0.05
WD m3 -17.03 -11.40 —-16.68 1.96
MD kg Fe eq —-166.31 —105.80 - 171.34 4.16
FD kg oil eq -277.80 —-196.59 —304.46 276.45

Table 2. The characterization results between these three systems and market.

the emissions reduction relative to the reference system in numerical values. Therefore, the above two systems
could be recommended for sustainable environmental development and GHG reduction. However, S3 generates
a relatively significant degree of GHG emission, slightly higher than the proposed reference. GHG emission is
found to be closely correlated to each sub-process, especially AD process with a decisive role in accordance with
abovementioned characterization results analysis. Along with the pollutants discharge in digestate storage that is
also incorporated into consideration, of high influence to final results. The environmental burden in AD process,
therefore, had shown up compared with the rest. These three systems all appears on a various levels of drop state.
S1 and S2 results perform far below the reference system of GWP 20a and GWP 100a assessment. The GWP from
S1 is decreased by 69.4% from 20 to 500a horizon while 46% reduction is observed for S3. Besides, the negative
numerical values after subtracting system carbon dioxide equivalence, that is, the extrapolated S2 can be consid-
ered as carbon sink to some degrees. Note the estimation of emissions are expressed in carbon equivalent terms.

The above assessments provide some important but not exclusive indicators. Subsequently, the details of a
comprehensive comparison across all impact categories are presented in Table 2. With regard to TA, an indicator
that reflects the changes in chemical properties of soil and resultant damages to the ecosystem, close relevant to
the nitrogen-based or sulphur dioxide emission. These three systems are characterized with similar contribution
except for S3 in which a slightly worse impact is embodied. Specifically, the central focus mainly concentrates on
the first two sub-processes, i.e. crop cultivation and Anaerobic Digestion. The calculation results indicate that

Scientific Reports |

(2021) 11:3912 | https://doi.org/10.1038/s41598-021-83061-y nature portfolio



www.nature.com/scientificreports/

Crop Process WF, | WF, WEF,,
Crop cultivation (m*/kg) 0.043 0.052 0.105
Maize Anaerobic digestion (kg/m?) 0.42 1.2
Biogas utilization (kg) -289 | -643
Crop cultivation (m*/kg) 0.052 0.035 0.119]
Sorghum Anaerobic digestion (kg/m®) 0.12 0.34
Biogas utilization (kg) -283 | -63
Crop cultivation (m*/kg) 0.04 0.11 0.16
Hybrid pennisetum | Anaerobic digestion (kg/m®) 0.49 1.42
Biogas utilization (kg) -3.17 | -7.05

Table 3. WF results from three systems.

the revealed numerical values from AD process are much larger than crops cultivation process, accounting for
an absolute proportion. Besides, the cultivated feedstock f, in which abundant carbon is embodied, is observed
to be the main driver for biogas potential exploitation. Accordingly, uptake and leaching were chiefly driven
by fertilizers applications which naturally enhance environmental burden. Consequently, S2 exhibits the best
performance amongst the three considered systems from this perspective.

It is advised in previous literature that HT may cause potential harms through its accumulation and persis-
tence in the environment, and its chain effect may further damage the ecosystem diversity and human health.
The higher inputs of chemical substance and energy consumption, the more severe negative impacts the chemical
process may result in. In this context, digestate management process is thus highlighted as a hotspot for further
analysis with its significant share in environmental health degradation. A large amount of heavy metal ions
remains soil or leaches to groundwater, causing long-term damages to human health. Therefore, strong efforts
need to be mobilised for a better digestate management to alleviate negative environmental impacts. From the
perspective of PMEF, these three systems are characterized with a slightly worse performance than reference
especially S3, weighted by such emitting substance to environment as GHGs and primary particulate. The inter-
pretation of ALO is points to the agricultural land area occupied with a certain length of time. The numerical
values are all negative, suggesting beneficial impacts as compared with the reference.

Water footprint analysis. The WF calculation is composed of three parts and the respective results are
formulated by specific algorithm. These three- category WF results are reported in Table 3.

Table 3 indicates that WF,, which is mainly reflected in crops cultivation, only exhibits non-significant dif-
ference among these three systems. The sorghum consumes much more water contained in the soil than other
crops, consistent with the results from Water stress index in life cycle assessment. Maize are characterized with
relatively lower WF, in comparison with the same crops cultivated in common soil resulting from higher yields.
From a single point perspective of WE, this system is equipped with a certain sustainability®>. WF, results show
that S3, with a strong presence, consumes most of groundwater or surface water mainly in anaerobic digestion
phase. WE,, assessment, similar to WF;, in order, is bounded by some limitations such that this calculation only
takes the nitrogen volume application as a reference. In short, S2 turns out to exhibit the optimal performance
in terms of water resource utilization. However, it is deserved to point out that some uncertainties still constrain
the WF calculation. The proper allocation between the biogas and digestate should be determined following the
economic or energy efficiency principle as well as life cycle assessment theory.

Sensitivity analysis. The important data parameters should be altered to observe the variety slope on final
evaluation results under the change of same magnitude. Multiple parameters variation are then applied to the
three systems to test the sensitivity of model’s input data in terms of environmental impacts.

Silage mass loss. The typical variable parameters pertaining to crops input quantity mainly occur during the
silage process which may result in reduced crops production to a certain degree. Intuitively, the more raw mate-
rial’s quantity loss exists, the more corresponding crops need to be cultivated in the light of mass balance. Con-
sequently, the impacts of variations in critical parameters on the final environments impacts need to be carefully
examined. The typical mass loss ratio in similar study framework lies within the range between 2 and 10%,
reported by®. The 10% variation in silage loss is identified as the Baseline scenario whereas the ratio for the
other two alternative scenarios was assumed to be 5% (SB) and 2% (SA), respectively. The results under various
simulated scenarios are presented in Fig. 4.

Obvious drop appears in the CC impact categories in S1 with the corresponding value of 32% and 20%,
comparing with the Baseline scenario results with 100% contribution as the reference threshold. Additionally,
other categories with the positive influence are similarly strengthened, decreasing to 13%, 21% for OD impact
categories on the original basis, and 11%, 17% for FD. Likewise, the relative sensitivity of impacts to the variation
in S2’s parameters is also examined for the aforementioned categories. The corresponding decline, involving CC
and impact category, is far more significant than the other two systems with 119%, 184%, respectively. Further-
more, S2 exhibits an obvious sensitivity to POF by alleviating the negative effects to a higher degree, unlike the
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Figure 4. The sensitivity results of each system under various scenarios in ReCiPe assessment method.

other two systems whose performance generated serious adverse impacts. Slight variation is exhibited in multiple
categories as TET, ALO in S2 whereas the same types of sensitivities are two or even three times larger in S1
and S3. It is noteworthy that the variation trend of PMF, TA, HT, FET and MET manifests strong consistency
among these three systems, characterized with very subtle differences. Furthermore, environmental impacts in
terms of HT, FET, and MET in various simulated scenarios have aggravated with corresponding amplification
from each of them.

The sensitivity trend consisting of the IPCC results under various time horizons is depicted in Fig. 5. The
sensitivity of impact factors to the results is elaborated by the linear fitting with corresponding slope. The deeper
the slope is, the more sensitive to tested parameters the results are, resulting from a certain linear interrelation
existing between sensitivity and impact factors®. Each system responds to the three assumed scenarios with high
consistency where most sensitive scenario appears in S3 followed by S1. Importantly, the underlying regularity
pattern reveals that the sensitivity from silage mass loss factors would weaken over time from the long-term
perspective.
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Figure 5. The sensitivity results of each system in IPCC assessment method under different situations of change
in silage mass loss ratio.
4000
3500 IPCC20a
- — . @S] @S2 eS3
3000
®
g 2500 o . IPCC100a
: ®
. A N ¢ IPCC500a
) o ¢
1500 © d
. o A L L
& L @ ™Y e
= 1000 "
v
(4] ~ ® v o X
500 L @ L b
a v
o
0 H ° PS @
500
Base 1% loss 3% loss 5% loss Base 1% loss 3% loss 5% loss Base 1% loss 3% loss 5% loss
Figure 6. The sensitivity results of each system with IPCC assessment method under the situation of methane
loss ratio change.
Methane loss. The methane leakage from biogas manufacturing supply chain not only contributes to increas-
ing the GHG emissions to atmosphere but also affects the overall efficiency of electricity generation system.
Typical methane escape ratio in chemical industry process is reported to lie within the range from 1.7 to 5.2%
under the normal conditions®. In baseline scenario, no methane leakage is assumed where the biogas is fully
delivered to the target generator set. Three other alternative scenarios are taken into consideration with specific
leakage ratio of 1%, 3%, 5%, respectively. The IPCC methods from various time horizons are adopted likewise
as in the aforementioned sensitive analysis. Accordingly, the resultant trends are outlined in Fig. 6, indicating an
approximately linear relationship among the experimental points with the correction determination factor. To
summarise, methane loss has predominant impacts on the final results of S3, followed by S1 based on the IPCC
100a 500a assessment methodology, which is consistent with the above sensitivity analysis in an orderly fashion.
However, S1 appears to be the most sensitive scenario compared with the other two systems for the IPCC 20a
assessment method.

Interestingly, such a sequence pattern with decreasing sensitivity with time horizon has been observed which-
ever specific assumed scenarios are embodied. Both decline and matching curve’s slopes in methane loss scenario
significantly exceeds that of silage mass scenario from actual GWP 20a and GWP 100a results except for the
GWP 500a case. In other words, the effect of leakage ratio changes is larger than the silage mass loss alteration
on environmental impacts in the foreseeable future. These sensitivity test results can provide useful reference
and guideline for decision making in bioenergy development by means of examining whether a specially selected
scenario performs in accordance with environmental friendly criteria.
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Conclusions

The energy-water-environment nexus assessment, involving three energy crops-based (Maize, Sorghum, Hybrid
Pennisetum) biogas conversion have been implemented in this study. LCA and WF methods are integrated for
evaluating the actual performance in terms of environmental impacts and water resource consumption of biogas
production systems based on three distinct non-food energy crops.

The LCA results, utilizing ReCiPe method, indicate that not every system has negative impacts in evaluated
categories, and some systems have simultaneous positive effects. The environmental credits are mainly embodied
in the digestate management part along with certain negative impacts such as FET, MET and HT. Therefore, some
improvement and modification should be devoted to alleviating severity in this sub-process. IPCC assessment
results demonstrates that S1 and S2, especially S2, are less than the local electricity generation while S3 is close
to or just below the reference with the time horizon expansion. Therefore, these three systems are character-
ized with certain potentials in mitigating the GWP in the long term. Furthermore, GWP comparison among
multiple scenario simulations from sensitivity analysis suggest that changes in methane leakage ratio have larger
environmental impacts than the silage mass loss alteration.

WE results demonstrate relatively lower WEF, and WF,, in each crop cultivation process, comparing with the
same crops grown in other types of soil. The sub-process contribution among these three systems demonstrate
high consistency with the final results where the anaerobic digestion and crop cultivation process requires
more attention to management owing to serious water resource depletion. In summary, S2 presents the best
performance in water utilization and environmental pollution mitigation while S3 requires optimizing its water
resource flow.

Some limitations have to be pointed out for further investigation, such that the regional disparity has not been
considered in the present study, as it is known that the water allocation or management in different geographical
regions may vary to some degrees. Nevertheless, the vast territory of China makes this hypothetical implementa-
tion on a spatial scale across the whole country unrealistic, as argued in previous literature on water footprint
assessment®®, Hybrid Pennisetum is not acclimatized to growth in some areas. The combined methods developed
in this study and implementation primarily rely on the theoretical similarity and synergy. Some degree of uncer-
tainty may arise in the simulated scenarios as a result of data commonality. In this regard, prudent adjustments
and improvements based on reconciliation of these two assessment methods are required in the future studies.

To summarise, our modelling study indicates that Hybrid Pennisetum system has the most severe environmen-
tal impacts from an integrated assessment perspective. Besides, large amounts of labour have been allocated to
energy crops cultivation in China, driven by the government’s lavish renewable energy subsidy scheme. However,
economic rationale for energy crop should obviously be taken into account for large-scale cultivation of this
crop in farmland. The other two studied systems manifested varied responses to the relevant impact categories,
either negative or positive depending on the specific indicators and criteria, where of the appropriateness needs
to be interpreted with caution.

Received: 7 July 2020; Accepted: 28 December 2020
Published online: 16 February 2021

References
1. Li, B. et al. The contribution of China’s emissions to global climate forcing. Nature 531, 357-361 (2016).
2. Yang, Q. et al. Hybrid life-cycle assessment for energy consumption and greenhouse gas emissions of a typical biomass gasification
power plant in China. J. Clean Prod. 205, 661-671 (2018).
3. Amiri, S., Henning, D. & Karlsson, B. G. Simulation and introduction of a CHP plant in a Swedish biogas system. Renew. Energ.
49, 242-249 (2013).
4. NDRC. National Development and Reform Committee of China, 2016. The "13th Five-year Plan" of Biomass Energy, Beijing (2016)
[In Chinese].
5. Serra, P, Giuntoli, J., Agostini, A., Colauzzi, M. & Amaducci, S. Coupling sorghum biomass and wheat straw to minimise the
environmental impact of bioenergy production. J. Clean. Prod. 154, 242-254 (2017).
6. Benoist, A., Dron, D. & Zoughaib, A. Origins of the debate on the life-cycle greenhouse gas emissions and energy consumption
of first-generation biofuels: A sensitivity analysis approach. Biomass. Bioenerg. 40, 133-142 (2012).
7. Klimiuk, E., Pokoj, T., Budzynski, W. & Dubis, B. Theoretical and observed biogas production from plant biomass of different fibre
contents. Biosour. Technol. 101, 9527-9535 (2010).
8. Mela, G. & Canali, G. How distorting policies can affect energy efficiency and sustainability: the case of biogas production in the
Po Valley. AgBio Forum 16, 194-206 (2014) ([In Chinese]).
9. International Energy Agency. World energy outlook 2011 (International Energy Agency, Paris, 2011).
10. Gerbens-Leenes, P. W., Hoekstra, A. Y. & van der Meer, T. The water footprint of energy from biomass: A quantitative assessment
and consequences of an increasing share of bio-energy in energy supply. Ecol. Econ. 68, 1052-1060 (2009).
11. Lijo, L. et al. Life Cycle Assessment of electricity production in Italy from anaerobic co-digestion of pig slurry and energy crops.
Renew. Energ. 68, 625-635 (2014).
12. Zheng, Y., Zhao, J., Xu, E & Li, Y. Pretreatment of lignocellulosic biomass for enhanced biogas production. Prog Energ Combust
42,35-53 (2014).
13. Cuellar, M. C. & Straathof, A. J. Biochemical conversion: biofuels by industrial fermentation. Biomass as a Sustainable Energy
Source for the Future: Fundamentals of Conversion Processes. (Eds Wiley, J. et al.) 403 (New Jersey, USA. Press, 2015).
14. Schittenhelm, S. Chemical composition and methane yield of maize hybrids with contrasting maturity. Eur. J. Agron. 29, 72-79
(2008).
15. Ertem, E C., Neubauer, P. & Junne, S. Environmental life cycle assessment of biogas production from marine macroalgal feedstock
for the substitution of energy crops. J. Clean. Prod. 140, 977-985 (2017).
16. Rathor, D, Nizami, A.-S., Singh, A. & Pant, D. Key issues in estimating energy and greenhouse gas savings of biofuels: Challenges
and perspectives. Biofuel Res. J. 3, 380-393 (2016).
17. Lemus, R. & Lal, R. Bioenergy Crops and Carbon Sequestration. Crit Rev Plant Sci 24, 1-21 (2005).

Scientific Reports|  (2021) 11:3912 https://doi.org/10.1038/s41598-021-83061-y nature portfolio



www.nature.com/scientificreports/

18. Lewandowski, L, Scurlock, J. M. O., Lindvall, E. & Christou, M. The development and current status of perennial rhizomatous
grasses as energy crops in the US and Europe. Biomass Bioenerg. 25, 335-361 (2003).

19. Amon, T. et al. Methane production through anaerobic digestion of various energy crops grown in sustainable crop rotations.
Biosour Technol 98, 3204-3212 (2007).

20. Iglinski, B., Buczkowski, R. & Cichosz, M. Biogas production in Poland—Current state, potential and perspectives. Renew. Sust.
Energ. Rev. 50, 686-695 (2015).

21. Shete, M., Rutten, M., Schoneveld, G. C. & Zewude, E. Land-use changes by large-scale plantations and their effects on soil organic
carbon, micronutrients and bulk density: empirical evidence from Ethiopia. Agr. Hum. Values 33, 689-704 (2015).

22. He, P. & Li, D. Develop bio-energy on marginal land from the perspective of food security. Rural Econ. 51-53 (2011).

23. Blengini, G. A., Brizio, E., Cibrario, M. & Genon, G. LCA of bioenergy chains in Piedmont (Italy): A case study to support public
decision makers towards sustainability. Resour. Conserv. Recycle 57, 36-47 (2011).

24. Zhao, C., Chen, B. & Yang, J. Embodied water consumption of biogas-digestate utilization. Energy Proc. 61, 615-618 (2014).

25. Pacetti, T., Lombardi, L. & Federici, G. Water-energy Nexus: a case of biogas production from energy crops evaluated by Water
Footprint and Life Cycle Assessment (LCA) methods. J. Clean. Prod. 101, 278-291 (2015).

26. Chapagain, A. K. & Hoekstra, A. Y. The blue, green and grey water footprint of rice from production and consumption perspec-
tives. Ecol. Econ. 70, 749-758 (2011).

27. Lovarelli, D., Bacenetti, J. & Fiala, M. Water Footprint of crop productions: A review. Sci. Total Environ. 548-549, 236-251 (2016).

28. Zhang, L., Dawes, W. R. & Walker, G. R. Response of mean annual evapotranspiration to vegetation changes at catchment scale.
Water Resour. Res. 37, 701-708 (2001).

29. Yasar, A., Rasheed, R., Tabinda, A. B., Tahir, A. & Sarwar, E. Life cycle assessment of a medium commercial scale biogas plant and
nutritional assessment of effluent slurry. Renew. Sust. Energ. Rev. 67, 364-371 (2017).

30. Xu, C., Shi, W,, Hong, J., Zhang, F. & Chen, W. Life cycle assessment of food waste-based biogas generation. Renew. Sust. Energ.
Rev. 49, 169-177 (2015).

31. Van Stappen, E et al. Consequential environmental life cycle assessment of a farm-scale biogas plant. J. Environ. Manag. 175, 20-32
(2016).

32. Collet, P. et al. Techno-economic and life cycle assessment of methane production via biogas upgrading and power to gas technol-
ogy. Appl. Energ. 192, 282-295 (2017).

33. Chen, B. & Chen, S. Life cycle assessment of coupling household biogas production to agricultural industry: A case study of
biogas-linked persimmon cultivation and processing system. Energ Policy 62, 707-716 (2013).

34. Torquati, B., Venanzi, S., Ciani, A., Diotallevi, F. & Tamburi, V. Environmental sustainability and economic benefits of dairy farm
biogas energy production: A case study in Umbria. Sustainability 6, 6696-6713 (2014).

35. Boulay, A.-M., Hoekstra, A. Y. & Vionnet, S. Complementarities of water-focused life cycle assessment and water footprint assess-
ment. Environ. Sci. Technol. 47, 11926-11927 (2013).

36. Jefferies, D. et al. Water footprint and life cycle assessment as approaches to assess potential impacts of products on water consump-
tion. Key learning points from pilot studies on tea and margarine. J. Clean. Prod. 33, 155-166 (2012).

37. Mehmeti, A., Angelis-Dimakis, A., Arampatzis, G., McPhail, S. & Ulgiati, S. Life cycle assessment and water footprint of hydrogen
production methods: from conventional to emerging technologies. Environments 5, 1-19 (2018).

38. Ridoutt, B. G., Page, G., Opie, K., Huang, J. & Bellotti, W. Carbon, water and land use footprints of beef cattle production systems
in southern Australia. J. Clean. Prod. 73, 24-30 (2014).

39. Page, G., Ridoutt, B. & Bellotti, B. Carbon and water footprint tradeoffs in fresh tomato production. J. Clean. Prod. 32, 219-226
(2012).

40. Hijazi, O., Munro, S., Zerhusen, B. & Effenberger, M. Review of life cycle assessment for biogas production in Europe. Renew Sust
Energ Rev 54, 1291-1300 (2016).

41. Rooney, W. L., Blumenthal, J., Bean, B. & Mullet, J. E. Designing sorghum as a dedicated bioenergy feedstock. Biofuels Biofuel
Bioprod. Bior 1, 147-157 (2007).

42. Fracasso, A., Trindade, L. & Amaducci, S. Drought tolerance strategies highlighted by two Sorghum bicolor races in a dry-down
experiment. J. Plant Physiol. 190, 1-14 (2016).

43. Duan, Q. Water footprint and Carbon balance in the cultivation, fermentation and energy utilization process of industrial biogas
crops, Southwest University, (2017) (In Chinese).

44. Fu, C,, Dong, T. & Sun, Y. Selection of High Yield Energy Crops for marginal land and its biogas production potential. China Biogas
35,72-76 (2017) ((In Chinese)).

45. Ming, Z., Shaojie, O., Hui, S., Yujian, G. & Qiqji, Q. Overall review of distributed energy development in China: Status quo, barriers
and solutions. Renew. Sust. Energ. Rev. 50, 1226-1238 (2015).

46. Lazarova, V., Choo, K.-H. & Cornel, P. Water-energy interactions in water reuse. (IWA, London, press, 2012).

47. Holm-Nielsen, J. B., Al Seadi, T. & Oleskowicz-Popiel, P. The future of anaerobic digestion and biogas utilization. Biosour. Technol.
100, 5478-5484 (2009).

48. Kristensen, P. G., Jensen, J. K., Nielsen, M. & Illerup, J. B. Emission factors for gas fired CHP units< 25 MW. (IGRC, 2004).

49. Eggleston, S., Buendia, L., Miwa, K., Ngara, T. & Tanabe, K. 2006 IPCC guidelines for national greenhouse gas inventories (Institute
for Global Environmental Strategies Hayama, Japan, 2006).

50. Mekonnen, M. & Hoekstra, A. Y. National water footprint accounts: the green, blue and grey water footprint of production and
consumption. (UNESCO-IHE Institute for Water Education, Netherlands, 2017).

51. Gerbens-Leenes, W., Hoekstra, A. Y. & van der Meer, T. H. The water footprint of bioenergy. Proc. Natl. Acad. Sci. 106, 10219-10223
(2009).

52. Gai, L, Xie, G., Li, S., Zhang, C. & Chen, D. A study on production water footprint of winter wheat and maize in the North China
Plain. Resour. Sci. 32, 2066-2071 (2010) ([In Chinese]).

53. Chapagain, A. K., Hoekstra, A. Y., Savenije, H. H. G. & Gautam, R. The water footprint of cotton consumption: An assessment of
the impact of worldwide consumption of cotton products on the water resources in the cotton producing countries. Ecol. Econ.
60, 186-203 (2006).

54. Cao. et al. Water footprint assessment for crop production based on field measurements: A case study of irrigated paddy rice in
East China. Sci. Total Environ. 610, 84-93 (2018).

55. Tian, J. 2013 Jinan effective utilization coefficient of irrigation water analysis and evaluation of estimates, Shandong University,
(2014).

56. Hoekstra, A. Y., Chapagain, A. K., Mekonnen, M. M. & Aldaya, M. M. The water footprint assessment manual: Setting the global
standard. (Routledge, 2011).

57. Wang, Z., Wu, Z. & Tang, S. Extracellular polymeric substances (EPS) properties and their effects on membrane fouling in a
submerged membrane bioreactor. Water Res. 43, 2504-2512 (2009).

58. Li, X., Yang, D. & Xia, F. Analysis of the water footprint of suburban planting in arid lands and determination of suitable farmland
scale: a case study of Urumgi. Acta Ecol. Sin. 35, 2860-2869 (2015).

59. Su, M.-H., Huang, C.-H., Li, W.-Y,, Tso, C.-T. & Lur, H.-S. Water footprint analysis of bioethanol energy crops in Taiwan. ] Clean
Prod 88, 132-138 (2015).

60. 60Gu, J. Study of water footprint of coal-based fuels with life cycle assessment, Shanghai Jiao Tong University, (2015) [In Chinses].

Scientific Reports | (2021) 11:3912 | https://doi.org/10.1038/s41598-021-83061-y nature portfolio



www.nature.com/scientificreports/

61. European, C. State of play on the sustainability of solid and gaseous biomass used for electricity, heating and cooling in the EU-
Commission staff working document (2014).

62. Yu, C. Study on regional difference of profuction water footprint of main crop based on cropwat in Shandong Province Jinan:
Shandong Normal University (2014) [In Chinese].

63. Lijo, L., Gonzalez-Garcia, S., Bacenetti, J. & Moreira, M. T. The environmental effect of substituting energy crops for food waste
as feedstock for biogas production. Energy 137, 1130-1143 (2017).

64. Wang, Q. L., Li, W,, Gao, X. & Li, S. J. Life cycle assessment on biogas production from straw and its sensitivity analysis. Biosour.
Technol. 201, 208-214 (2016).

65. Flesch, T. K., Desjardins, R. L. & Worth, D. Fugitive methane emissions from an agricultural biodigester. Biomass Bioenerg. 35,
3927-3935 (2011).

66. Li, J. Scenario analysis of tourism’s water footprint for China’s Beijing-Tianjin-Hebei region in 2020: implications for water policy.
J. Sustain. Tour 26(1), 127-145 (2017).

Acknowledgements
We acknowledge the funding support of Guangdong Basic and Applied Basic Research Foundation
(2019A1515011624).

Author contributions

J.L. conceived and designed the study. J.L. and EY.X. set up the experiments. EY.X. collected materials, ran the
model and analysed the data. J.L. and C.Z. interpreted the results. All authors contributed to the writing of the
manuscript. J.L. and EY.X. contributed equally to this work.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-83061-y.

Correspondence and requests for materials should be addressed to J.L. or Z.C.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:3912 | https://doi.org/10.1038/s41598-021-83061-y nature portfolio


https://doi.org/10.1038/s41598-021-83061-y
https://doi.org/10.1038/s41598-021-83061-y
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	An integrated life cycle and water footprint assessment of nonfood crops based bioenergy production
	Materials and methods
	Goal and scope definition. 
	Life cycle inventory. 
	Crop cultivation. 
	Anaerobic digestion. 
	Digestate management. 
	Biogas utilization. 

	Water footprint. 

	Results and discussion
	Life cycle assessment. 
	Detailed assessment results in ReCiPe method. 
	Comparative analysis with IPCC method. 

	Water footprint analysis. 
	Sensitivity analysis. 
	Silage mass loss. 
	Methane loss. 


	Conclusions
	References
	Acknowledgements


