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� We explored the potential to colocate
solar installations and agriculture.

� Water use at solar installations are
similar to amounts required for desert
plants.

� Co-located systems are economically
viable in some areas.

� Colocation can maximize land and
water use efficiency in drylands.
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a b s t r a c t

Solar energy installations in arid and semi-arid regions are rapidly increasing due to technological
advances and policy support. Although solar energy provides several benefits such as reduction of green-
house gases, reclamation of degraded land, and improved quality of life in developing countries, the
deployment of large-scale renewable energy infrastructure may negatively impact land and water
resources. Meeting the ever-expanding energy demand with limited land and water resources in the con-
text of increasing demand for alternative uses such as agricultural and domestic consumption is a major
challenge. The goal of this study was to explore opportunities to colocate solar infrastructures and agri-
cultural crops to maximize the efficiency of land and water use. We investigated the energy inputs/out-
puts, water use, greenhouse gas emissions, and economics of solar installations in northwestern India in
comparison to aloe vera cultivation, another widely promoted and economically important land use in
these systems. The life cycle analyses show that the colocated systems are economically viable in some
rural areas and may provide opportunities for rural electrification and stimulate economic growth. The
water inputs for cleaning solar panels are similar to amounts required for annual aloe productivity,
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suggesting the possibility of integrating the two systems to maximize land and water use efficiency. A life
cycle analysis of a hypothetical colocation indicated higher returns per m3 of water used than either sys-
tem alone. The northwestern region of India has experienced high population growth in the past decade,
creating additional demand for land and water resources. In these water-limited areas, coupled solar
infrastructure and agriculture could be established in marginal lands with low water use, thus minimiz-
ing the socioeconomic and environmental issues resulting from cultivation of economically important
non-food crops (e.g., aloe) in prime agricultural lands.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Population growth and increase in standards of living in the
developing world have led to a rapid increase in energy demand
[1]. At the same time, in the context of climate change mitigation,
many governments worldwide have policies to increase the pro-
portion of electricity delivered by low-carbon sources [2–4]. Solar
electricity generation technologies have emerged as one of the
fastest growing sectors due to rapid advances in affordable tech-
nology and policy support [2]. Solar energy deployment can pro-
vide several additional benefits such as reclamation of degraded
land, employment opportunities, rural electricity access (off-grid
systems), and improved quality of life in developing countries
[5–7]. However, the deployment of large scale solar energy infras-
tructure may negatively impact land and water resources [8,9].
Hence a pertinent question for the future is how to meet the
ever-expanding energy demand in the developing world with lim-
ited land and water resources in the context of increasing demand
for alternative uses such as agricultural and domestic consumption
[10,11].

The rapid expansion of large-scale solar installations in India is
a case in point. Energy demand is rapidly increasing in India and
the country has experienced severe power outages resulting from
the interplay of several factors, including increasing demand,
energy use for irrigation, and uncertainties in water availability
induced by climate change [1,12]. In northwestern India, large
solar installations are being established as part of the national
and state renewable energy initiatives to meet the future energy
targets [13,14]. In many of the ‘‘hotspots” identified for large solar
installations, water resources are already scarce, such as in the
Thar desert region of northwestern India [15,16]. The northwestern
region of India (e.g., state of Rajasthan) has shown rapid increase in
population over the last few decades creating additional demand
for agricultural land and water resources [17–19]. Most of the pro-
posed solar installations will be large photovoltaic (PV) systems,
which can have a large land footprint (0.35 MW ha�1) [8,9,13].
Although their water use per unit of generation is less than many
other energy technologies (0.02 m3 MW h�1), due to their size they
can use substantial amounts of water for construction and opera-
tion, mostly for cleaning PV solar panels and for dust suppression
from disturbed soils [8,9,20].

The accumulation of airborne particulate matter or ‘‘soiling” can
significantly impact the performance of PV systems in areas where
rainfall is limited [21–23]. The construction and operation of large
PV facilities in deserts may add additional disturbance to desert
soils and enhance dust emissions. Further, increases in dust pro-
duction related to climate change (e.g., increase in aridity), or dis-
turbance (e.g., fires, grazing) to biological soil crusts [24,25] may
render the dust management in large solar facilities in arid regions
challenging. Considering the deleterious impact of dust-borne con-
taminants on regional air quality and human health, enhanced dust
emissions related to the construction and operation of large solar
installations may be a serious health hazard to consider [24,25].
For this reason, proper dust control strategies are necessary at
large solar infrastructures in deserts to ensure efficient power gen-
eration and to minimize environmental impacts. In most PV facil-
ities in arid regions, solar panels are routinely washed with water
to maintain optimum power production [21,22,26]. The soiling of
panels may result in 15–25% decline in annual electricity produc-
tion and weekly cleaning of panels is recommended in many desert
regions [23,26]. Studies have shown that water for washing panels
and for dust suppression is a major component of water budget of
many large solar infrastructures in desert regions [8]. In some
areas with severe water scarcity, including areas in northwestern
India, even the relatively small water requirements for solar PV
installations (compared with other energy technologies) may place
a major demand on local water resources or may displace water
allocated for small-scale subsistence agriculture and domestic con-
sumption. Most of the applied water runs off the panels and into
the desert soil, and this moisture input may be sufficient to main-
tain some vegetation cover [8].

An emerging option being evaluated in the United States is the
colocation of solar installations and vegetation [8,27] (Fig. 1a).
Colocating solar infrastructure and agriculture (including bioen-
ergy) crops would provide additional benefits such as dual income
streams to farmers, employment opportunities at solar facilities for
crop management, options for rural electrification, and electricity
for processing agriculture products locally [8]. A major constraint
for establishing colocated systems is identifying location-specific,
physiologically and economically viable plants for colocation. Most
solar installations are sited in arid and semi-arid regions character-
ized by low precipitation and poor soils, making them unsuitable
for most food crops. However, there is increasing interest in grow-
ing high-value xerophytic plants (e.g., Agave spp., Aloe spp., Opuntia
spp.) in marginal lands in arid and semi-arid regions that can be
cultivated without competition for key resources for food crops
[8,28,29].

Aloe vera, a perennial leaf succulent xerophytic plant with eco-
logical and physiological adaptations to achieve economical yields
on marginal lands [30,31], has potential for colocation with solar
infrastructure. The genus Aloe, which includes more than 300 spe-
cies, has been used for economical and medicinal purposes for cen-
turies [31–33]. Aloe vera leaf contains a diverse array of
compounds; over 200 active compounds (including minerals,
amino acids and vitamins) and are utilized in several formulations
and applications in diverse sectors [31,32,34]. Aloe vera cultivation
offers numerous product diversification opportunities suitable for
different climatic conditions and markets (e.g., aloe gel, aloe vera
seeds, roots, aloin, cosmetics, health drinks, medicinal formula-
tions, and biodiesel). The aloe gel, a colorless mucilaginous gel
obtained from the parenchymatous cells in the leaf, is in high
demand in the food and pharmaceutical industry, primarily as a
major constituent in health drinks, natural medicines, and cosmet-
ics [35]. The leaf gel is mostly composed of complex carbohydrates
known for its medicinal values including effects on wound healing,
anti-inflammation, and immune modulation [35]. Aloin, an anthra-
quinone contained in the leaf exudate, has several medicinal prop-
erties including blood purification, laxation, and diuresis [31,33].



Fig. 1. (a) Colocation of solar PV and vegetation in Colorado, USA. (b) Aloe vera cultivation in Rajasthan, India.
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Aloes are under commercial cultivation over large areas in India
(Fig. 1b), including the northwestern arid and semi-arid regions
[36,37]. Several characteristics of aloes make them an attractive
crop for colocation with solar infrastructure: short growth stature
(0.3–0.6 m), significant biomass production with little or no irriga-
tion, lowmaintenance, long crop cycle (5 years), availability of pro-
cessing facilities and existing marketing chains, and high demand
(and value) for aloe gel and gel-based products. Aloes are
drought-resistant species with Crassulacean Acid Metabolism
(CAM) photosynthetic pathway, which enable high plant water
use efficiencies under desert conditions [28,38]. The plants estab-
lish very well in relatively poor soils and are known to grow well
in partial shade (e.g., from solar panels) with no significant change
in leaf productivity and gel quality [39–41]. Aloes have a thick
shallow root system, which enables them to make use of light pre-
cipitation or irrigation (e.g., from water used for cleaning solar
panels) [31,33].

Colocated solar and aloe vera (for gel production) installations
could maximize the efficiency of water use in drylands by coupling
water use for cleaning panels and irrigation, minimizing dust gen-
eration by increasing soil moisture and vegetation cover, minimiz-
ing impacts on natural areas by deploying crop cultivation in
existing large solar infrastructures, and stimulating economic
returns to improve livelihoods in rural areas. However, to explore
the logistics and economic feasibility of integrated solar PV–aloe
vera systems, detailed life cycle analyses are needed. Here, we con-
duct a detailed life cycle analysis for solar PV, aloe vera gel produc-
tion, and a hypothetical colocated solar–aloe system to explore the
tradeoffs and synergies (in the context of energy, water, and green-
house gas emissions) between these two emerging land uses in
northwestern India. We also examine the economics of these sys-
tems and the potential for improving rural livelihoods (employ-
ment generation, rural electrification).

2. Materials and methods

Life Cycle Analysis (LCA) is a commonly used tool for exploring
the economic feasibility and environmental impacts of new
technologies. Our analysis is based on a detailed life cycle analysis
for a solar photovoltaic system, an Aloe vera gel production system,
and a hypothetical colocated solar–aloe system to explore the
tradeoffs and synergies between these two emerging land uses in
northwestern India. In this study we adopted LCA methodologies
used in existing comprehensive studies on solar PV and agricul-
tural/biofuel production systems [8,42]. For Aloe vera, we used
LCA methodologies to estimate the energy consumption, green-
house gas emissions (GHG) and economic feasibility using different
life cycle stages from cultivation to processing. For the LCA of solar
PV installation, we used a comprehensive analysis to estimate the
energy consumption, greenhouse gas emissions (GHG) and offsets,
and economic feasibility. Our analysis includes all life cycle stages
of solar PV – manufacturing PV modules and balance of system
components (BOS), construction and operation, decommissioning,
and recycling. Detailed description of LCA methodologies, input
parameters and data sources are provided in the Supporting Infor-
mation S1.

2.1. Life cycle analysis of aloe vera gel

The data required for life cycle analysis of aloe vera cultivation
and gel processing are compiled from existing literature and from
data collected during field visits to aloe vera farms and gel process-
ing facilities in northwestern India. The life cycle stages for aloe
vera gel production considered in this work are aloe cultivation,
leaf harvest and transport, and gel production. In this scenario,
the aloe vera leaves are harvested periodically and processed as
gel. We take into account the life cycle fossil energy use and green-
house gas emissions for direct energy and material inputs, machin-
ery and buildings. We account for CO2, CH4, and N2O as GHG
emissions with all emissions converted to CO2 equivalents based
on their 100-year global warming potential [8,42,53,54].

We consider two commercial scale cultivation scenarios of five-
year cycle—baseline yield scenario and high yield scenario—with
moderate levels of fertilizer/manure applications and irrigation.
Aloe vera grows well in loamy to sandy loam soils and is sensitive
to waterlogged conditions. The plants flourish well in a semi-arid



1 HOMER (Hybrid Optimization of Multiple Energy Resources) software models
micropower systems with single or multiple power sources. HOMER finds the least
cost combination of components that meet electrical and thermal loads by simulating
thousands of system configurations, optimizing for lifecycle cost, and generating
results of sensitivity analyses on most inputs.
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environment with 300 mm of annual rainfall typical of northwest-
ern India and are under commercial cultivation. The plants are
established by planting root suckers. The number of plants ha�1

ranges from 15,000 to 55,000. The commercially important species
in India is Aloe barbadensis Miller (AL-1 variety). We adopt a con-
servative planting density of 22,500 plants ha�1 based on the
established cultivation practices and data available from commer-
cial aloe vera farms in northwestern India [43,44] (see Supporting
Information S1).

The application of fertilizers and manures varies with soil type,
crop management, and climatic factors. We chose values based on
the general fertilizer recommendation for commercial aloe cultiva-
tion in India [43,44]. In this study we use 50:50:50 kg ha�1 for
nitrogen, phosphorus, and potassium fertilizers (basal dose) as
nutrients, respectively. For the high yield scenario, a top dressing
of an extra 25 kg ha�1 of nitrogen is provided from the 2nd year
onward. The plant responds very well to application of farmyard
manure, and is applied at the rate of 15 Mg ha�1 year�1. In north-
western India, a botanical pesticide and slow release N fertilizer
known locally as neem cake is added to control termites and to
improve soil quality. Termites indeed can be an issue in some areas
during the early stages of crop establishment [36,37]. The use of
plant protection chemicals is not usually recommended as aloe
products commonly used in cosmetics and health foods. However,
in the case of leaf spot disease occurrence, fungicide application is
recommended in some areas.

The level ofmechanization is very low innorthwestern India [45],
as the farmholdings are relatively small. In this studywe considered
some level of mechanization for large commercial aloe cultivations.
Energy for farm operations—ploughing (twice before planting), fer-
tilizer/manure application, and transportation—is assumed to come
fromdiesel [45,46]. The embedded energy for production and use of
agricultural implements and farm machinery is considered in the
life cycle analysis. Planting, weeding, and harvesting are assumed
to be donemanually. In the case of high yield scenario, the leaf resi-
due from the gel processing plant is applied to the soil asmulch/ma-
nure (see Supporting Information S1).

Aloe vera canbe cultivatedbothunder rain-fed and irrigated con-
ditions. The plants can generate economic yields with an annual
rainfall of around 300–500 mm, and can tolerate some degree of
drought [32,36,37]. Light irrigations immediately after planting
and during summer months will ensure better leaf production and
gel quality. In the baseline yield scenario, plants are irrigated twice
immediately after planting and 6 additional times during the sum-
mer season corresponding to once per month for six months. For
the high yield scenario, plants are irrigated twice immediately after
planting and 24 additional times during the summer months corre-
sponding to once perweek for sixmonths. Several studies have indi-
cated that the high leaf biomass and gel quality are obtained by light
irrigation in shortweekly intervals [33,47]. Irrigationwater require-
ments were collected from aloe vera farmers in northwestern India.
Water is manually applied at the rate of around 20 m3 per week
(water volume per irrigation event) ha�1 (22,500 plants). Irrigation
water is normally groundwater and the power source is electricity
(see Supporting Information S1).

The harvesting starts 15 months after planting and there are at
least three harvests per year. From years two through five, two to
four mature leaves from each plant are removed at harvest. Eco-
nomical harvest can be done up to the fifth year of planting. Har-
vesting is a labor-intensive process. Average yield from
commercial aloe cultivations is around 50 Mg ha�1 year�1 fresh
leaf weight [43,48,49]. Higher yields in the range of 75–
100 Mg ha�1 year�1 are reported in the literature. In this study
we assumed a high yield scenario (fresh leaf weight) of
55 Mg ha�1 year�1 and a baseline yield scenario of 27 Mg ha�1 -
year�1 (see Supporting Information S1).
Leaves show loss of biological activity a few hours after harvest,
so leaves are processed within 12 h of harvesting. The processing
stages for gel manufacturing are: leaf cleaning, leaf filleting, gel
extraction, filtration, homogenization, addition of preservatives,
pasteurization, cooling, and bottling/storage of gel/gel juice
[35,50]. The manual leaf filleting process involves cutting open
the leaf from the sides and separating the gel from the outer part
of the leaf (leaf rind). Even though automated whole-leaf process-
ing methods are available, the manual leaf filleting process ensures
better separation of pulp and minimizes the presence of undesir-
able phenolic compounds from the leaf rind in the final gel prod-
uct. The gel juice output is around 30% of the fresh leaf weight.
In this life cycle analysis, we accounted for the embedded energy
and GHG emissions from transportation of leaves from farm to
the processing facility (diesel energy), processing machinery (e.g.,
washing unit, pulping unit, extractor, homogenizer, and mixers),
buildings, chemicals and lubricants, and the electricity for gel pro-
cessing (see Supporting Information S1).
2.2. Solar PV life cycle analysis

We considered a solar PV installation, as PV is the dominant
technology for current and proposed solar installations. Moreover,
there might be other logistic constraints for colocation of crops in
concentrated solar power installations (CSP) due to intensive
infrastructure. The considered solar PV installation is installed in
a desert environment, typical of northwestern India, with an
annual precipitation of 300 mm and a solar insolation of
2000 kWhm�2 year�1 [16,51]. This installation consists of a basic
array of fixed flat plate systems with approximately 3250 multi-
crystalline silicon (m-Si) PV modules of 120Watt-peak (Wp), a
module area of 1 m2, and an efficiency of 15% [52]. The annual
power generation is calculated via the HOMER model1 utilizing a
solar resource of 5.80 kWhm�2 day�1 for Northwestern India. Addi-
tional details are available in the Supporting Information S2. The
materials input and energy input, and greenhouse gas emissions
and outputs during the life cycles of m-Si are considered from PV
production plants. The life cycle stages considered are manufactur-
ing PV modules and balance of system components, construction
and operation, decommissioning, and recycling [53] assuming a life
cycle of 30 years. Large-scale solar installations require balance of
system components like module frames, mounting structures, grid
connectors, concrete, and office facilities. The energy inputs for
manufacturing one MWp of m-Si module and balance of system
components total 31,333 GJ [52,54]. The GHG emissions for manu-
facturing the module and balance of system components are 37
and 20 g CO2e kWh�1, respectively, over an expected 30 years of
useful life of a module [53,54]. We also consider the energy used
for operation of the PV infrastructure, mainly for the routine cleaning
of panels. In this study we do not consider additional pollutant emis-
sions. Electricity generation by solar PV results in substantial GHG
offsets – by the reduction in GHG emissions resulting from electric-
ity generation by renewable technologies compared to conventional
fossil-based electricity generation. We used the GHG emissions from
electricity generation in India for calculating the offsets resulting
from solar PV-based electricity generation. The life cycle fossil fuel
energy use and GHG emissions to produce this electricity is
based on the Indian electricity generation mix of 3.4 MJ and
278 g CO2e MJ�1 [55] of electricity produced respectively (see
Supporting Information S2).
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The cleaning frequency assumed is once every week during the
rainless periods (8 months) and once every month for the rest of
the year (total of 36 cleaning events per year). This cleaning sched-
ule is ideal for arid regions to minimize reductions in electricity
output resulting from dust deposition [8,21,22]. The water use
per washing event is 20 m3 ha�1 per wash for cleaning panels
and water for dust suppression from soil. Water requirements for
panel washing and dust suppression are provided in the Support-
ing Information S2. We assume that the total annual water require-
ment for dust management is equivalent to 72 mm (2 mm per
event) of precipitation. Water use for the construction of PV infras-
tructure is also included in the life cycle analysis (see Supporting
Information S2).

2.3. Integrated solar energy–aloe vera systems

Based on the life cycle analysis of a stand-alone solar PV system
and aloe vera cultivation, we investigated the potential to integrate
these two emerging land uses in northwestern India to identify the
synergies and tradeoffs of colocation. We also conducted detailed
economic analyses of colocated systems and the potential of these
systems to improve rural livelihoods in northwestern India.

2.4. Sensitivity and uncertainty analyses

Sensitivity analysis (one-at-a-time local sensitivity analysis)
was performed for solar PV installation and aloe vera cultivation.
We defined a base case of the parameters considered, identified a
range of uncertainty for each parameter, and then tested the effect
of changing each parameter (on energy input/output and GHG
emissions/offsets) from its minimum to maximum value. We used
the module efficiency, irradiation, performance ratio and number
of modules ha�1 for the solar PV infrastructure and overall leaf to
gel conversion rate and number of plants ha�1 for the aloe vera
gel system as input parameters (see Supporting Information S3).

We addressed the uncertainty in our analysis by using a Monte
Carlo simulation approach. The analysis was performed using the
input values of the most sensitive input parameters for solar PV
and aloe vera gel, identified by sensitivity analysis. The input
parameters considered for solar installation were efficiency (range
of 14–16%) and number of modules ha�1 (3000–3500). The input
variables considered for aloe vera gel were the overall leaf to gel
conversion rate (25–35%) and number of plants ha�1 (20,000–
25,000). The input variables were assumed to be independent
and were randomly selected from a uniform distribution. The out-
put simulation was repeated 104 times. The maximum, mean, min-
imum, and quantiles of outputs for solar PV (outputs: energy input,
energy output, GHG emissions, and net greenhouse gas offsets) and
the two yield scenarios of aloe (outputs: energy input, GHG emis-
sions) were reported (see Supporting Information S3).

2.5. Economic analysis

An economic analysis was conducted to compare landowner
returns on single land use to combined land use, both for grid-
tied and off-grid cases. The analysis considered five project designs
or land use scenarios, each evaluating the economic return to a 5-
ha plot in Rajasthan. The land use scenarios considered are Aloe
only, Off-grid PV only, Grid-tied PV only, Off-grid Combined and
Grid-tied combined. This economic analysis assumes that the land-
owner is an individual, rather than a business, and thus is ineligible
to capture cash benefits from tax-related incentives such as accel-
erated depreciation. Furthermore, the analysis assumes that the PV
system is used for a variety of uses, not solely for agriculture; thus,
subsidies for irrigation-related electricity demand are not
considered.
2.5.1. Agriculture-related assumptions
Each model scenario that involved aloe cultivation (scenarios A,

D, and E) uses the same input assumptions. Each hectare can sup-
port 22,500 aloe plants, with each plant capable of producing 2 kg
of finished product (aloe gel) per year (resulting in 50,000 kg of
processed aloe ha�1 year�1). At a market price of 150 Indian Rupees
(INR) per kilogram for aloe gel, this results in revenues of INR
7.5 M ha�1 year�1. Planting costs are INR 75,000 per hectare, while
annual crop maintenance costs are INR 37,000 per hectare. The
aloe plants can be harvested 3.5 times per year beginning in year
two. Planting costs occur in year one of the plant’s life while crop
maintenance costs and revenues occur in years two through five.
Immediately after the five-year cycle, new plants are grown, and
this plant cycle is repeated during the 30-year evaluation period.
The model assumes that all 5 ha are cultivated on the same sched-
ule, rather than rotating between hectares to smooth cash flow.
Initial capital costs of INR 2 M and INR 1 M are incurred for
machinery and buildings, respectively; annual operation andmain-
tenance costs are of INR 600,000. The annual cash flow profile asso-
ciated with aloe production (in scenarios A, D, and E) is shown in
the Supporting Information S4.
2.5.2. Solar PV assumptions
The solar PV analyses assume a default power density of

400 kW/ha, totaling 2 MW for the 5-ha plot. Two different scenar-
ios were considered for the solar PV analysis: a grid-tied and off-
grid system. The off-grid systems assumed that the PV system
would offset diesel consumption (valued at INR 14.7 per kWh or
U.S. dollar $0.25 per kWh) for three types of consumers: site-
based agricultural electricity consumption, residential consump-
tion, and non-residential (or commercial) consumption. Therefore,
the consumption of each of these consumer classes is valued at
what they would have paid to consume diesel-based electricity.

For grid-tied cases, the analysis used prevailing retail electricity
rates and solar feed-in tariff (FiT) for Rajasthan (Supporting Infor-
mation). The grid-tied cases assume that the landowner would
build a PV system of the same capacity as above (400 kW ha�1 or
2 MW total) and sell all electricity generated to the local grid. This
implies that residential and commercial consumers would pur-
chase directly from the grid and are therefore not reflected in the
grid-tied cases. The landowner would receive FiT payments for
all kilowatt-hours sold to the grid and purchases electricity for
agricultural production at the agricultural rate for electricity. In
this analysis we did not account for the cost subsidies provided
by governmental agencies for installing large solar infrastructures
in this region.

The system design specifications were developed using HOMER,
a cost optimization tool. The HOMER model optimized a system
design that kept PV capacity constant across scenarios in order to
provide a meaningful comparison. Cash flow profiles for the off-
grid and grid-tied cases are shown in Supporting Information S4.
The resulting output combines capital costs (of PV technologies,
batteries, inverters, and a diesel generator to provide consistent
production), total production costs, and annualized values for
replacement costs and operations and maintenance (which
explains why the cash flow profiles below appear to be smooth).
3. Results and discussion

The total energy inputs for solar PV infrastructure (412 GJ ha�1 -
year�1 and gross GHG emissions of 39.6 Mg CO2e ha�1 year�1) are
several times higher than the aloe vera baseline yield
(28.14 GJ ha�1 year�1 and 2.01 Mg CO2e ha�1 year�1) and high
yield (52.59 GJ ha�1 year�1 and 4.06 Mg CO2e ha�1 year�1) scenar-
ios of aloe vera cultivation (Figs. 2 and 3, Table 1). However, solar
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PV has an average energy output of 2590 GJ ha�1 year�1 and gross
GHG offset of 736 Mg CO2e ha�1 year�1. The energy ratio (energy
output to input) was around 6:1 for solar PV installation (Table 1).
The energy ratios are consistent with existing life cycle studies
of large solar installations in desert regions. The water require-
ments for cleaning solar PV installation were higher than the
water requirements for baseline and high yield scenarios of aloe
vera.

Results of the economic analysis indicate that in grid-tied cases,
the landowner would receive more benefits by simultaneously
pursuing both productive uses of the land. Economic benefits are
Fig. 2. Life cycle energy inputs and outputs of solar PV and aloe vera cultivation.
The error bars represent the uncertainty in our analysis as determined by Monte
Carlo analysis in which the most important parameters, as determined by
sensitivity analysis, were varied.

Fig. 3. Life cycle GHG emissions of aloe vera cultivation and gross GHG emissions
and offsets of solar PV. The error bars represent the uncertainty in our analysis as
determined by Monte Carlo analysis in which the most important parameters, as
determined by sensitivity analysis, were varied.

Table 1
Summary of annual life cycle energy and GHG from solar PV and aloe vera gel (5–95% qu

Land use Gross energy output (GJ ha1 y�1) Gross GHG offsets (Mg CO

Solar PV 2592 (2365–2828) 735 (671.8–803.1)
Aloe-high yield – –
Aloe-baseline yield – –
additive when combining land uses because there is no reduction
in PV capacity by cultivating aloe in the same area, due to panel
spacing restrictions of PV installations. Combining projects with
positive net present value (NPV) leads to greater combined NPV.
In this case, the grid-tied PV scenario has a positive NPV, so com-
bining this land use with aloe cultivation yields a higher total pro-
ject benefit. Off-grid (or microgrid) PV projects tend to have much
higher capital costs, which occur early in the project’s life and
heavily impact the discounting of project benefits. This is the pri-
mary reason for the significantly negative NPV for the off-grid sce-
narios. Capital costs for off-grid PV are INR 351 M compared to INR
191 M for a grid-tied system of this type. Combining aloe cultiva-
tion with off-grid PV improves the landowner’s NPV, but is still
negative in terms of revenues. The NPV of each scenario is shown
in Fig. 4 (calculated at a 10% discount rate throughout the analysis).

Fig. 5 shows the landowner’s cash flows profiles for each of the
five cases. It is important to note that the only negative cash flows
periods occur during construction of the PV plant. Similarly, in the
aloe-only case, cash flow is negative each year there is a replanting.
In the combined land use scenarios, the cash flow is never negative
after construction suggesting that this scheme may also provide
more resilient aggregate cash flow to the landowner.
antile values are in brackets).

2e ha�1 y�1) Energy input (GJ ha�1 y�1) GHG emissions (Mg CO2e ha�1 y�1)

413 (389.6–435) 39.6 (35.7–43.2)
52.6 (48.3–56.9) 4.1 (3.7–4.4)
28.1 (26.1–30.3) 2.01 (1.8–2.2)

Fig. 4. Net present value of five land use scenarios (10% discount rate over
30 years).

Fig. 5. Cash flows of five land use scenarios.
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Aloe cultivation is a highly productive use of the land, while the
solar scenarios are less so on an NPV basis. As mentioned above,
the grid-tied PV case delivers a positive NPV, while the off-grid
case is negative. This is largely because capital costs in year one
are much larger for the off-grid cases due to the additional expense
of batteries for the PV system. An impact that counteracts this
effect is that off-grid kilowatt-hours are valued at INR
14.7 per kWh while grid-tied kilowatt-hours are valued at the FiT
of INR 8.75 per kWh. However, timing effects from discounting
have a greater impact on the resulting NPV. In both cases, though,
including aloe as a productive land use improves the NPV to the
land owner, increasing the grid-tied PV plant from INR 40 M to
INR 66 M, and the off-grid plant from INR �355 M to INR
�315 M, as seen in Fig. 4.

Sensitivity analysis indicated that the changes in the input
parameters—efficiency and number of modules for solar PV and
overall sugar utilization efficiency and number of plants for
aloe—have significant impacts on the total energy input, gel pro-
duction, and GHG offsets.

The Monte Carlo approach indicated that the aloe fresh leaf
yield (annual) ranges from 24 to 30 Mg ha�1 for the baseline sce-
nario and 48–60 Mg ha�1 for the high yield scenario. The maxi-
mum and minimum values for outputs are reported as error bars
in Figs. 2 and 3 (see Supporting Information S3).

The results presented above consider reference case input val-
ues. In order to incorporate uncertainty and evaluate sensitivity
to individual model inputs, a 10,000 trial Monte Carlo simulation
was conducted. NPVs for each of the five cases were defined as out-
puts for sensitivity analysis, and Fig. 6 shows the range of results of
each given ±20% ranges for selected inputs. Uncertainty ranges
were defined where information was available for specific inputs.
The frequency distributions below provide a glimpse of how cer-
tain the NPV results are. For example, the off-grid scenarios consis-
tently show negative NPV values, whereas the grid-tied PV-only
scenario could show negative or positive NPV values, depending
on inputs.

In addition to showing the range of possible outputs, the Monte
Carlo analysis can reveal how sensitive an output is to a given
input. This is typically displayed with a tornado chart, which shows
Fig. 6. NPV frequency distributions from Monte Carlo analysi
the most sensitive inputs for each of the scenario NPV results (see
Supporting Information S4). These tornado charts provide a mean-
ingful comparison of the input sensitivities because all uncertainty
ranges are identical. In general, prices and consumption are the
most sensitive variables for both PV and aloe scenarios. Capital
costs were excluded from the sensitivity analysis because they
were modeled outside of the economic model in HOMER, so the
relationships between capital costs and capacity and production
would not hold in this economic model if included in the sensitiv-
ity analysis. If included in the sensitivity analysis, capital costs
would be much more sensitive, both because they are significant
relative to other cash flows and because they occur in year one.

In addition to the Monte Carlo analysis, an evaluation was con-
ducted to examine the impact of a 10% reduction in PV capacity
that could result from combining land use. For this assessment,
only the PV capacities in the two combined land use scenarios
were reduced by 10% from 400 kW ha�1 to 360 kW ha�1. Interest-
ingly, the NPV decreases in the microgrid case, but marginally
increases in the grid-tied combined land use case. This is primarily
due to system design. In order for a microgrid to support a certain
load at lower PV capacity, battery capacity should be increased,
thereby offsetting some of the cost reduction from capacity
decreases. In a lower load case (1500 kWh day�1 versus
1700 kWh day�1), the NPV of the microgrid case increases to INR
56 M. This implies that the microgrid scenario is very sensitive to
system design and therefore cost.

In our analysis of colocation, the synergy between solar PV sys-
tem and aloe vera cultivation stems from the fact that the water
inputs for cleaning solar panels are similar to amounts required
for annual aloe production, suggesting the possibility of integrating
the two systems on the same plot of land to maximize land and
water use efficiency. The life cycle analyses show that the colo-
cated systems are economically viable in some cases and may pro-
vide opportunities for rural electrification and stimulate economic
growth. A life cycle analysis of a hypothetical colocation system in
northwestern India indicated higher economic returns per m3 of
water used than either system alone, an important consideration
in an arid area. We considered the output from the uncertainty
analysis of the average aloe yield scenario and average solar PV
s (10,000 trials) where the x-axis represents NPV in INR.
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to estimate the economics range of different land use scenarios
(see Supporting Information S4). When water productivity is
expressed in terms of net benefits (INR m�3) the aloe vera cultiva-
tion (low yield scenario for leaf production only at INR 2 kg�1)
[43,44] resulted in much higher returns m�3 of water used (INR
60 for the baseline yield scenario) compared to agricultural crops
in the region (INR 2–12) [56]. The results from our economic anal-
ysis indicate that the processing of aloe to gel leads to a substantial
increase (over 10 times) in water productivity compared to the
aloe leaf production only scenario. The water productivity of solar
PV installation (grid-tied) by far exceeds other land uses (over
250–1500 times normal agricultural crops in the region) and when
colocated with aloe cultivation (for gel production) the water pro-
ductivity and economic benefits are much higher (30% higher),
highlighting the synergies of colocation. In the case of micro grids,
the colocation leads to an even higher increase in returns (40%
higher), indicating that colocation may have the potential to make
some offgrid systems profitable. The benefits will be substantially
higher if we account for subsidies provided by governmental orga-
nizations for installing large solar installations, particularly in the
case of micro grids.

Colocated systems may provide several co-benefits. In rural
areas not connected to the electricity grid, colocation of aloe culti-
vation with standalone solar infrastructures has the potential to
stimulate economic growth by aiding in rural electrification and
creating stable employment opportunities for agricultural laborers
(e.g., in cultivation and processing of aloe or other local agricultural
commodities). Studies have indicated that electricity availability is
a significant driver of development in rural areas by stimulating
economies, providing job security, and improving health and edu-
cation [57,58]. The labor requirements for large solar infrastruc-
tures are mostly concentrated during the construction phase. The
colocation of agriculture with solar facilities may provide continu-
ous employment opportunities for routine agricultural operations
(farm labor and processing).

Colocation of solar PV and agriculture in rural areas may pro-
vide several new and feasible technologies for solar energy applica-
tions in the agricultural sector [59,60]. Common applications of
solar energy in agriculture include solar irrigation systems, photo-
voltaic heating and refrigeration systems, solar-based processing
units for agriculture commodities, and solar greenhouses [59,60].
In rural areas not connected to the grid, solar water pumps provide
an environment friendly alternative to diesel pumps with high
emissions [59,61]. Solar-powered desalination systems can be used
to provide irrigation water in some arid regions with limited access
to fresh water resources [62]. Further, rural electrification provides
rural farming communities easy access to up-to-date agriculture-
related information and weather forecasts, thereby enabling faster
adoption of improved crop and water management practices. Over-
all, colocation may contribute to sustainable agriculture and rural
development [59,61].

Colocating crops in solar facilities may help to control soil ero-
sion by wind and water by maintaining an effective ground cover
(aloe), improving soil moisture in surface soil and potentially
reducing dust emissions from disturbed soils and improving air
quality in the region [25]. Moreover, solar panels may result in
enhanced moisture availability to aloe plants by channeling or con-
centrating rainfall on to the interspaces, thereby amplifying the
background precipitation for plants. Partial shading by solar panels
may provide benefits to aloe plants grown in desert conditions
with high available solar radiation [39]. Further, CAM plants like
aloe vera are known to benefit from increase in atmospheric CO2

and are tolerant to droughts and high temperatures, which are
expected to be more frequent in the future [38].

Colocation may not be practical in all locations, and further
field studies are required to fully evaluate the advantages and
disadvantages of colocation [62]. We acknowledge that before field
level implementation of large colocated systems, long-term field
experiments are needed to fully understand the benefits and syn-
ergies of colocation in different regions. For example, considerable
uncertainties remain on aloe yield under colocated conditions and
the impact of periodic water addition (from washing panels) and
partial shading on aloe vera leaf yield and gel quality. Reliable esti-
mates of leaf yield and gel characteristics (quantity and quality) of
various aloe cultivars are critical for establishing the long-term
economic and logistic viability of commercial aloe vera gel produc-
tion. Another factor that needs consideration is determining the
optimum packing density for solar modules and the optimal plant-
ing density for aloe vera. The spacing of solar modules is an impor-
tant factor because it impacts the space requirements for plants
and routine agricultural operations. Even though colocation might
be possible in some of the existing solar PV installations, design
modifications (and additional costs) might be needed to fully
accommodate the colocation of aloe vera. The success of these sys-
tems depends on the timely availability of planting materials, gel
processing machinery, and the ability to provide technical guid-
ance to local farmers. The life cycle assessment and ecological ben-
efits depend also on the electricity source used for cultivation
practices such as irrigation. For example, in scenarios where the
farmers sell PV-sourced electricity to the local grid and buy elec-
tricity at the agricultural rate, the environmental benefits depend
on the source of the electricity used for cultivation practices.

4. Conclusions

Colocated solar and aloe vera infrastructure could: (1) ensure
efficient land and water use (both PV cleaning water and precipita-
tion) by sustaining agricultural production in marginal lands and
maximizing power output from solar PV; (2) increase area of high
value crops and thereby minimize the socioeconomic and environ-
mental issues resulting from cultivation of high value non-food
crops (e.g., aloe) in prime agricultural lands; (3) stimulate rural
economies by creating employment and providing opportunities
for rural electrification; and (4) improve regional air quality by
reducing soil erosion and dust emissions from large solar infras-
tructures. The water requirement for aloe vera cultivation is low
compared to other agricultural crops, and aloes can survive and
produce significant biomass in nutrient poor soils and in adverse
climatic conditions. In northwestern India, solar deployment is
increasing rapidly, with growing concerns on the fate of land and
water resources in this region. This study indicates that there is
potential to integrate high value crops with these large solar instal-
lations with no additional land or water use.

Based on an optimistic scenario of solar expansion in India,
there is potential to install 100 GW in the next decade [63]. This
expansion will translate into over 250,000 ha of direct land trans-
formation, mostly in the arid regions of northwestern India.
Assuming that all these areas could be integrated with aloe vera
cultivation, over 7–14 million tons year�1 (base and high yield sce-
narios respectively) of aloe vera leaves could be produced, with no
additional water use or land transformation. Colocation of high-
value crops may make the off-grid solar PV systems economically
viable in certain configurations, thereby providing co-benefits
including rural electrification, reduced diesel consumption (and
associated reductions in GHG emissions), and employment gener-
ation. The northwestern state of India (Rajasthan), identified as the
one of the hotspots for solar energy development in India, has a
population of over 70 million with access to only 1% of India’s
water resources. The region has experienced high population
growth (10%) in the past decade (2001–2011), creating additional
demand for land and water resources. In these water-limited areas,
colocated solar infrastructure and aloe cultivation could be
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established in marginal lands with low water use, thus minimizing
the socioeconomic and environmental issues resulting from culti-
vation of non-food crops (e.g., aloe) in prime agricultural lands.

Acknowledgements

The Joint Institute of Strategic Energy Analysis (JISEA – IRAAP),
TomKat Center for Sustainable Energy at Stanford University,
Council on Environment, Energy & Water (CEEW). This work was
supported by the Joint Institute for Strategic Energy Analysis
(JISEA). JISEA is operated by the Alliance for Sustainable Energy,
LLC, on behalf of the U.S. Department of Energy’s National Renew-
able Energy Laboratory, the University of Colorado-Boulder, the
Colorado School of Mines, the Colorado State University, the
Massachusetts Institute of Technology, and Stanford University.
The U.S. Government retains and the publisher, by accepting the
article for publication, acknowledges that the U.S. Government
retains a nonexclusive, paid-up, irrevocable, worldwide license to
publish or reproduce the published form of this work, or allow
others to do so, for U.S. Government purposes. Some symbols
used in the graphical abstract are courtesy of the Integration and
Application Network (ian.umces.edu/symbols).

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.apenergy.2015.
12.078.

References

[1] GEA. Global energy assessment – toward a sustainable future. Cambridge, UK,
New York, NY, USA; Laxenburg, Austria: Cambridge University Press;
International Institute for Applied Systems Analysis; 2012.

[2] U.S. Department of Energy. SunShot vision study. Energy efficiency and
renewable energy. U.S. Department of Energy. NREL report no. BK5200-47927;
DOE/GO-102012-3037; 2012.

[3] Garg P. Energy scenario and vision 2020 in India. J Sustain Energy Environ
2012;3:7–17.

[4] Schuman S, Lin A. China’s Renewable Energy Law and its impact on renewable
power in China: progress, challenges and recommendations for improving
implementation. Energy Policy 2012;51:89–109. http://dx.doi.org/10.1016/j.
enpol.2012.06.066.

[5] Tsoutsos T, Frantzeskaki N, Gekas V. Environmental impacts from the solar
energy technologies. Energy Policy 2005;33:289–96. http://dx.doi.org/
10.1016/S0301-4215(03)00241-6.

[6] Brown P, Whitney G. U.S. renewable electricity generation: resources and
challenges. Congressional Research Service, 7-5700 R41954, Washington, DC;
2011.

[7] Hernandez RR, Easter SB, Murphy-Mariscal ML, Maestre FT, Tavassoli M, Allen
EB, et al. Environmental impacts of utility-scale solar energy. Renew Sustain
Energy Rev 2014;29:766–79. http://dx.doi.org/10.1016/j.rser.2013.08.041.

[8] Ravi S, Lobell DB, Field CB. Tradeoffs and synergies between biofuel production
and large solar infrastructure in deserts. Environ Sci Technol
2014;48:3021–30. http://dx.doi.org/10.1021/es404950n.

[9] Hernandez RR, Hoffacker MK, Field CB. Land-use efficiency of big solar. Environ
Sci Technol 2014;48:1315–23. http://dx.doi.org/10.1021/es4043726.

[10] Bazilian M, Rogner H, Howells M, Hermann S, Arent D, Gielen D, et al.
Considering the energy, water and food nexus: towards an integrated
modelling approach. Energy Policy 2011;39:7896–906. http://dx.doi.org/
10.1016/j.enpol.2011.09.039.

[11] World Economic Forum. Water security: the water-food-energy-climate
nexus. Washington, DC: Island Press; 2011.

[12] Xue Y, Xiao S. Generalized congestion of power systems: insights from the
massive blackouts in India. J Mod Power Syst Clean Energy 2013;1:91–100.
http://dx.doi.org/10.1007/s40565-013-0014-2.

[13] CEEW. Laying the foundation for a bright future assessing progress under
phase 1 of India’s national solar mission, 2012. New Delhi: Council on Energy,
Environment and Water; 2012.

[14] Kapoor K, Pandey KK, Jain AK, Nandan A. Evolution of solar energy in India: a
review. Renew Sustain Energy Rev 2014;40:475–87. http://dx.doi.org/
10.1016/j.rser.2014.07.118.

[15] CEEW. Concentrated solar power: heating up India’s solar thermal market
under the national solar mission, 2012. IP: 12-010-A. New Delhi: Council on
Energy, Environment and Water; 2012.
[16] Ramachandra TV, Jain R, Krishnadas G. Hotspots of solar potential in India.
Renew Sustain Energy Rev 2011;15:3178–86. http://dx.doi.org/10.1016/j.
rser.2011.04.007.

[17] Jodha NS. Population growth and the decline of common property resources in
Rajasthan, India. Popul Dev Rev 2014;11:247–64.

[18] Ravi S, Huxman TE. Land degradation in the Thar Desert. Front Ecol Environ
2009;7:517–8. http://dx.doi.org/10.1890/09.WB.029.

[19] Amit D, Jethoo AS, Poonia MP. Impact of drought on urban water supply: a case
study of Jaipur city. Int J Eng Innov Technol 2012;1:170–4.

[20] Burkhardt JJ, Heath GA, Turchi CS. Life cycle assessment of a parabolic trough
concentrating solar power plant and the impacts of key design alternatives.
Environ Sci Technol 2011;45:2457–64. http://dx.doi.org/10.1021/es1033266.

[21] Kimber A, Mitchell L, Nogradi S, Wenger H. The effect of soiling on large grid-
connected photovoltaic systems in California and the Southwest Region of the
United States. In: Conf rec 2006 IEEE 4th world conf photovolt energy
conversion, WCPEC-4, vol. 2; 2007. p. 2391–5. http://dx.doi.org/10.1109/
WCPEC.2006.279690.

[22] Mani M, Pillai R. Impact of dust on solar photovoltaic (PV) performance:
research status, challenges and recommendations. Renew Sustain Energy Rev
2010;14:3124–31. http://dx.doi.org/10.1016/j.rser.2010.07.065.

[23] Weber B, Quiñones A, Almanza R, Duran MD. Performance reduction of PV
systems by dust deposition. Energy Proc 2014;57:99–108. http://dx.doi.org/
10.1016/j.egypro.2014.10.013.

[24] Field JP, Belnap J, Breshears DD, Neff JC, Okin GS, Whicker JJ, et al. The ecology
of dust. Front Ecol Environ 2010;8:423–30. http://dx.doi.org/10.1890/090050.

[25] Ravi S, D’Odorico P, Breshears DD, Field JP, Goudie AS, Huxman TE, et al.
Aeolian processes and the biosphere. Rev Geophys 2011;49:RG3001. http://dx.
doi.org/10.1029/2010RG00032.

[26] Mohamed AO, Hasan A. Effect of dust accumulation on performance of
photovoltaic solar modules in Sahara environment. J Basic Appl Sci Res
2012;2:11030–6.

[27] Macknick J, Beatty B, Hill G. Overview of opportunities for colocation of solar
energy technologies and vegetation, NREL/TO-6A20-60240. Golden: National
Renewable Energy Laboratory; 2013.

[28] Davis SC, Dohleman FG, Long SP. The global potential for Agave as a biofuel
feedstock. GCB Bioenergy 2011;3:68–78. http://dx.doi.org/10.1111/j.1757-
1707.2010.01077.x.

[29] El Bassam N. C3 and C4 plant species as energy sources and their potential
impact on environment and climate. Renew Energy 1998;15:205–10.

[30] Newton LE. Aloe. In: Urs E, editor. Illustrated handbook of succulent
plants. Berlin, Heidelberg and New York: Springer Verlag; 2001. p. 103–86.

[31] Reynolds T. Aloes: the genus Aloe. Boca Raton: CRC Press; 2004.
[32] Panda H. Aloe vera handbook cultivation, research finding, products,

formulations, extraction & processing. Delhi: Asia Pacific Business Press Inc.;
2003.

[33] Upton R, Axentiev P, Swisher D. Aloe vera leaf aloe vera leaf juice aloe vera
inner leaf juices Aloe vera (L.) Burm. f. standards of identity, analysis, and
quality control. Scotts Valley: American Herbal Pharmacopoeia; 2012.

[34] Bassetti A, Saia S. The great aloe book. Trento: Zuccari Pty Ltd.; 2005.
[35] Ahlawat KS, Khatkar BS. Processing, food applications and safety of aloe vera

products: a review. J Food Sci Technol 2011;48:525–33. http://dx.doi.org/
10.1007/s13197-011-0229-z.

[36] Das N, Chattopadhay RN. Commercial cultivation of Aloe. Nat Prod Radiance
2004;3:85–7.

[37] Biswas B. Cultivation of medicinal plant success stories of two farmers. Fertil
Mark News 2010;41:1–4.

[38] Nobel PS. Environmental biology of Agaves and Cacti. Cambridge: Cambridge
University Press; 2003.

[39] Tawfik KM, Sheteawi SA, El-Gawad ZA. Growth and aloin production of Aloe
vera and Aloe eru under different ecological conditions. Egypt J Biol 2004;3.
http://dx.doi.org/10.4314/ejb.v3i1.2992.

[40] Dagar JC, Tomar OS, Kumar Y, Bhagwan H, Yadav RK, Tyagi NK. Performance of
some under-explored crops under saline irrigation in a semiarid climate in
Northwest India. L Degrad Dev 2006;17:285–99. http://dx.doi.org/10.1002/
ldr.712.

[41] Chauhan SK. Effect of salinity levels, water regimes and nitrogen on crop
growth and yield of Aloe. Ann Plant Soil Res 2013;15:58–61.

[42] Yan X, Tan DKY, Inderwildi OR, Smith JAC, King DA. Life cycle energy and
greenhouse gas analysis for agave-derived bioethanol. Energy Environ Sci
2011;4:3110. http://dx.doi.org/10.1039/c1ee01107c.

[43] National Bank for Agriculture and Rural Development. <http://
farmextensionmanager.com/English/Agribusiness%20oppertunities/Medicinal
%20plant%20sector/aloevera.htm> [accessed March 2015].

[44] Tamil Nadu Agricultural University, TNAU agritech portal. <http://agritech.
tnau.ac.in/farm_enterprises/Farm%20enterprises_%20aloevera.html>
[accessed March 2015].

[45] Singh H, Mishra D, Nahar N. Energy use pattern in production agriculture of a
typical village in arid zone, India––part I. Energy Convers Manage
2002;43:2275–86. http://dx.doi.org/10.1016/S0196-8904(01)00161-3.

[46] Singh H, Mishra D, Nahar N, Ranjan M. Energy use pattern in production
agriculture of a typical village in arid zone India: part II. Energy Convers
Manage 2003;44:1053–67. http://dx.doi.org/10.1016/S0196-8904(02)00115-2.

[47] Joshi B, Garg A, Sikarwar RLS, Tiwari AP. The altered output of Aloe vera (L.)
Burm. f. crop under differential water stress conditions. J Nat Remed
2014;14:114–8.

http://ian.umces.edu/symbols
http://dx.doi.org/10.1016/j.apenergy.2015.12.078
http://dx.doi.org/10.1016/j.apenergy.2015.12.078
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0015
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0015
http://dx.doi.org/10.1016/j.enpol.2012.06.066
http://dx.doi.org/10.1016/j.enpol.2012.06.066
http://dx.doi.org/10.1016/S0301-4215(03)00241-6
http://dx.doi.org/10.1016/S0301-4215(03)00241-6
http://dx.doi.org/10.1016/j.rser.2013.08.041
http://dx.doi.org/10.1021/es404950n
http://dx.doi.org/10.1021/es4043726
http://dx.doi.org/10.1016/j.enpol.2011.09.039
http://dx.doi.org/10.1016/j.enpol.2011.09.039
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0055
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0055
http://dx.doi.org/10.1007/s40565-013-0014-2
http://dx.doi.org/10.1016/j.rser.2014.07.118
http://dx.doi.org/10.1016/j.rser.2014.07.118
http://dx.doi.org/10.1016/j.rser.2011.04.007
http://dx.doi.org/10.1016/j.rser.2011.04.007
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0085
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0085
http://dx.doi.org/10.1890/09.WB.029
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0095
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0095
http://dx.doi.org/10.1021/es1033266
http://dx.doi.org/10.1109/WCPEC.2006.279690
http://dx.doi.org/10.1109/WCPEC.2006.279690
http://dx.doi.org/10.1016/j.rser.2010.07.065
http://dx.doi.org/10.1016/j.egypro.2014.10.013
http://dx.doi.org/10.1016/j.egypro.2014.10.013
http://dx.doi.org/10.1890/090050
http://dx.doi.org/10.1029/2010RG00032
http://dx.doi.org/10.1029/2010RG00032
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0130
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0130
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0130
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0135
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0135
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0135
http://dx.doi.org/10.1111/j.1757-1707.2010.01077.x
http://dx.doi.org/10.1111/j.1757-1707.2010.01077.x
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0145
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0145
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0150
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0150
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0155
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0160
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0160
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0160
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0165
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0165
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0165
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0170
http://dx.doi.org/10.1007/s13197-011-0229-z
http://dx.doi.org/10.1007/s13197-011-0229-z
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0180
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0180
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0185
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0185
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0190
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0190
http://dx.doi.org/10.4314/ejb.v3i1.2992
http://dx.doi.org/10.1002/ldr.712
http://dx.doi.org/10.1002/ldr.712
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0205
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0205
http://dx.doi.org/10.1039/c1ee01107c
http://farmextensionmanager.com/English/Agribusiness%20oppertunities/Medicinal%20plant%20sector/aloevera.htm
http://farmextensionmanager.com/English/Agribusiness%20oppertunities/Medicinal%20plant%20sector/aloevera.htm
http://farmextensionmanager.com/English/Agribusiness%20oppertunities/Medicinal%20plant%20sector/aloevera.htm
http://agritech.tnau.ac.in/farm_enterprises/Farm%20enterprises_%20aloevera.html
http://agritech.tnau.ac.in/farm_enterprises/Farm%20enterprises_%20aloevera.html
http://dx.doi.org/10.1016/S0196-8904(01)00161-3
http://dx.doi.org/10.1016/S0196-8904(02)00115-2
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0235
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0235
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0235


392 S. Ravi et al. / Applied Energy 165 (2016) 383–392
[48] Rodríguez-García R, de Rodríguez DJ, Gil-Marín JA, Angulo-Sánchez JL, Lira-
Saldivar RH. Growth, stomatal resistance, and transpiration of Aloe vera under
different soil water potentials. Ind Crops Prod 2007;25:123–8. http://dx.doi.
org/10.1016/j.indcrop.2006.08.005.

[49] Silva H, Sagardia S, Seguel O, Torres C, Tapia C, Franck N, et al. Effect of water
availability on growth and water use efficiency for biomass and gel production
in aloe vera (Aloe barbadensis M.). Ind Crops Prod 2010;31:20–7. http://dx.doi.
org/10.1016/j.indcrop.2009.08.001.

[50] Ramachandra CT, Srinivasa Rao P. Processing of Aloe vera leaf gel: a review. Am
J Agric Biol Sci 2008;3:502–10. http://dx.doi.org/10.3844/ajabssp.2008.502.51.

[51] Pandey S, Singh VS, Gangwar NP, Vijayvergia MM, Prakash C, Pandey DN.
Determinants of success for promoting solar energy in Rajasthan, India. Renew
Sustain Energy Rev 2012;16:3593–8.

[52] Ito M, Kato K, Komoto K, Kichimi T, Kurokawa K. A comparative study on cost
and life-cycle analysis for 100 MW very large-scale PV (VLS-PV) systems in
deserts using m-Si, a-Si, CdTe, and CIS modules. Prog Photovolt Res Appl
2008;16:17–30. http://dx.doi.org/10.1002/pip.770.

[53] Fthenakis VM, Kim HC. Photovoltaics: life-cycle analyses. Sol Energy
2011;85:1609–28. http://dx.doi.org/10.1016/j.solener.2009.10.002.

[54] Raugei M, Bargigli S, Ulgiati S. Life cycle assessment and energy pay-back time
of advanced photovoltaic modules: CdTe and CIS compared to poly-Si. Energy
2007;32:1310–8. http://dx.doi.org/10.1016/j.energy.2006.10.003.

[55] Itten R, Frischknecht R, Stucki M. Life cycle inventories of electricity mixes and
grid. Uster: Paul Scherrer Institute; 2014.
View publication statsView publication stats
[56] Sharma P. Productivity based allocation of water for irrigation in Rajasthan.
Mem Geol Soc India 2013;83:181–96.

[57] Mathur D, Mathur JK. Dark homes and smoky hearths: rural electrification and
women. Econ Polit Wkly 2005;40(7):638–43.

[58] Barnes DF, Floor WM. Rural energy in developing countries: a challenge for
economic development. Annu Rev Energy Environ 2003;21:497–530.

[59] Mekhilef S, Faramarzi SZ, Saidur R, Salam Z. The application of solar
technologies for sustainable development of agricultural sector. Renew
Sustain Energy Rev 2013;18:583–94. http://dx.doi.org/10.1016/j.
rser.2012.10.049.

[60] Chaibi MT. An overview of solar desalination for domestic and agriculture
water needs in remote arid areas. Desalination 2000;127:119–33. http://dx.
doi.org/10.1016/S0011-9164(99)00197-6.

[61] Panwar NL, Kaushik SC, Kothari S. Role of renewable energy sources in
environmental protection: a review. Renew Sustain Energy Rev
2011;15:1513–24. http://dx.doi.org/10.1016/j.rser.2010.11.037.

[62] Ravi S. Resources: partner crop plants with solar facilities. Nature
2015;524:161.

[63] CEEW. Tapping every ray of the sun: a roadmap for a significant role of solar in
India. CEEW-policy brief. New Delhi: Council on Energy, Environment and
Water; 2014.

http://dx.doi.org/10.1016/j.indcrop.2006.08.005
http://dx.doi.org/10.1016/j.indcrop.2006.08.005
http://dx.doi.org/10.1016/j.indcrop.2009.08.001
http://dx.doi.org/10.1016/j.indcrop.2009.08.001
http://dx.doi.org/10.3844/ajabssp.2008.502.51
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0255
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0255
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0255
http://dx.doi.org/10.1002/pip.770
http://dx.doi.org/10.1016/j.solener.2009.10.002
http://dx.doi.org/10.1016/j.energy.2006.10.003
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0275
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0275
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0280
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0280
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0285
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0285
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0290
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0290
http://dx.doi.org/10.1016/j.rser.2012.10.049
http://dx.doi.org/10.1016/j.rser.2012.10.049
http://dx.doi.org/10.1016/S0011-9164(99)00197-6
http://dx.doi.org/10.1016/S0011-9164(99)00197-6
http://dx.doi.org/10.1016/j.rser.2010.11.037
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0310
http://refhub.elsevier.com/S0306-2619(15)01651-7/h0310
https://www.researchgate.net/publication/279911787

	Colocation opportunities for large solar infrastructures and agriculture �in drylands
	1 Introduction
	2 Materials and methods
	2.1 Life cycle analysis of aloe vera gel
	2.2 Solar PV life cycle analysis
	2.3 Integrated solar energy&ndash;aloe vera systems
	2.4 Sensitivity and uncertainty analyses
	2.5 Economic analysis
	2.5.1 Agriculture-related assumptions
	2.5.2 Solar PV assumptions


	3 Results and discussion
	4 Conclusions
	Acknowledgements
	Appendix A Supplementary material
	References


