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ARTICLE INFO ABSTRACT

Keywords: Intensive farming causes an important amount of greenhouse gas emissions. This scenario can be significantly
Biogas production reduced by the implementation of renewable technologies and transforming farms from energy consumers to
Biomethane

energy providers. In the particular case of livestock production, biogas and solar energy reduce greenhouse gas
emissions and the energy demand of the installations. However, the implementation of these technologies re-
quires solutions adapted to local scenarios, such as connectivity to the energy grids. In this work, a biogas/
biomethane production system, energetically covered with hybrid solar panels is proposed as a solution for
isolated areas where biodegradable substrates (manure) are abundant. Thus, the electrical and thermal re-
quirements of the digester are supplied by solar panels, reducing the biogas self-consumption and the energy
inputs from the electrical grid. Hybrid solar panels also provide sufficient energy for operation of an upgrading
system to obtain biomethane of fuel vehicle quality, increasing the energy self-sufficiency of the agricultural
activities. This solution has been simulated in five different climatic regions corresponding to areas of intense pig
farming activity. The results demonstrate the sustainable bioenergy production in isolated farms with limited
connection to the energy grid and organic matter availability. Furthermore, the economic study showed that the
proposed technology is competitive compared to other technologies in the energy sector.

Farm self-sufficiency
Hybridization

Solar energy

Waste to energy

large number of renewable feedstocks as by-products (manure, straw,
sawdust among others). Introducing these materials into the energy
production sector would ensure sustainability and connect agriculture
with other economic sectors [5,6]. In this context, anaerobic digestion of
organic wastes produced in intensive farming offers multiple advantages
(e.g. biogas is produced under controlled conditions to replace con-
sumption fossil fuels) [7,8], while liquid digestate is generated as a
value-added product for crop fertilization and soil amendment [9,10]. In
addition, the process also avoids the release of methane emission from
storage wastes, which has a warming effect considerably more harmful
than CO5 on a 100-year time frame [11].

This transformation of the primary sector involves an integration
into the energy production system, which requires novel solutions able
to respond to the increasing energy needs of the society and the
replacement of oil and natural gas. The solutions must ensure energy
supply without prohibitive installation costs or undue consumption of

1. Introduction

Primary sector is a significant contributor to the greenhouse gas
emissions (GHG) [1]. According to the last estimations, more than 50%
of GHG emissions in 2050 will be produced by activities related to
agriculture, livestock production, forestry or mining. As a consequence
of the sector characteristics, the mitigation of GHG emission is difficult
and the alternatives should focus on transformation towards a double
perspective [2]. On the one hand, focusing the sector as a producer and
not only as an energy consumer, and on the other hand, substituting the
fossil fuels used in the process for renewable energies. This strategy
requires the connection of the energy sector with the primary sector by
the implementation of renewable technologies that reduce greenhouse
gas emissions and energy prices [3,4].

Agriculture, livestock production and forestry activities produce a
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Nomenclature

Cta Humid subtropical climates (temperate, no dry season, hot
summer)

Cwp Oceanic climates (temperate, no dry season, warm
summer)

Csp Mediterranean warm/cool summer climates (temperate,
dry summer, warm summer)

Dta Hot summer continental climates (continental; no dry
season, hot summer)

Dwa Hot summer continental climates (continental, dry winter,
hot summer)

d Density (kg m~>)

E Energy (kWh)

E; Electricity generation in the year t (kWh)

H Heat (kWh)

HRT Hydraulic Retention Time (d)

I Investment expenditures in the year t (USD)

K Heat transfer coefficient (W m~2°C™ 1)

LCOE Levelised cost of energy (USD kWh™hH

M; Operations and maintenance expenditures in the year t
(USD)

nb Biogas yield (m 3 kgvs™1)

Nbo Boiler efficiency (%)

Ne Thermal conversion efficiency (%)

Npv Photoelectric conversion efficiency (%)

nts Thermal system efficiency (%)

Tes Electricity system efficiency (%)

n Lifetime (y)

Q Substrate flow rate (m3/d)

r Discount rate (%)

TS Total solids (g kg’l)

upgrading,. Heat required to upgrade 1 m® of biogas to biomethane
(kwh)

VS Volatile solids (g kg ™)

WT Working time (h)

resources (energetic or not). In this sense, decentralised energy pro-
duction systems provide opportunities for resources exploitation locally,
together with energy self-sufficiency in remote communities [12]. When
biogas in produced on farm, decentralization is particularly necessary
since residual feedstock used as substrate in anaerobic digestion are
normally produced far from energy grid connections (electrical or gas
pipelines). That is the case of livestock farms (piggery, cattle and
poultry), which are clearly underutilised for biogas generation [13]. The
decentralization strategy will require new digester configurations able
to operate with minimum operational costs in areas with limited energy
connectivity, where the organic substrates are produced. Hybridization
of digester with solar energy sources has been proposed as solution to
widespread biogas production into diverse locations, including remote
and off-grid areas [14]. Proposed solutions that combine digesters and
solar collectors would increase the overall efficiency of each technology
and reduce reliance on carbon-based energy sources, contributing to a

Biogas

Batteries stack boiler

more sustainable and environmentally friendly solution [15,16]. Other
systems combining digesters and other renewable sources, such as wind
power, have been proposed by means of microgrids and hydrogen pro-
duction systems, resulting a complex integration difficult to implement
at this scale [17-19]. In this sense, solar panels, that generate electricity
and/or thermal energy, in a very wide range of scale, can provide the
energy requirements of anaerobic digesters, increasing the efficiency of
the biogas production process [20-22].

In this work, a novel hybrid technology is proposed for biogas and
biomethane generation in isolated farms with limited connectivity to
electrical and gas grid. Hybrid solar panels, that simultaneously produce
heat and electricity, provide the thermal energy required for an opti-
mised anaerobic fermentation (between 35 and 55 °C) and electricity for
mixing and pumping. Since, energy surpluses, in form of heat and
electricity, are produced by solar hybrid panels, biogas transformation
into biomethane using a conventional upgrading technology can be also
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Fig. 1. Schematic diagram of the Anaerobic digestion/Solar (AD/S) system studied. Legend: Colour lines: Black-liquid substrate; Blue-Biogas; Green-Biomethane;

Yellow-Electricity line; Red and blue dotted line-Thermal hydraulic line.
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energetically supported. The study develops the field of hybridization of
solar energy with anaerobic digestion by focusing on a critical and less
explored aspect: harnessing solar energy generated by hybrid collectors
to meet the energy (electrical and thermal) demand of the digester up to
the stage of biomethane generation. Previous studies in this field have
mainly focused on the thermal demand, using solar water heaters for
temperature exchange or greenhouses [15,16,23]. Other proposals
include hybrid polygeneration energy systems in rural communities
involving micro-grids and multiple energy sources [20,21]. In the
technology herein presented, the energy demand for biogas generation
and its further transformation into biomethane is covered by solar en-
ergy. A complete study of an anaerobic digester coupled to biomethane
production supported with sunlight is presented. Swine manure was
herein considered as a model substrate given the widespread distribu-
tion around the globe and the isolated configuration of these facilities
[24]. Five locations, chosen for representing areas with high levels of pig
farming, were simulated to assess the energy sufficiency and the
exportation of energy as biomethane for its final use as biofuel. Finally,
an economic analysis has been conducted considering the capital and
operational costs of integrating the anaerobic system with solar panels.
This analysis was then compared in terms of levelised cost of energy
(LCOE), serving as a metric for the net average current cost of energy
generation throughout the lifecycle of the system and a normalize value
for comparison with other technologies.

2. Materials and methods
2.1. Hybrid system description

The hybrid system proposed is presented in Fig. 1. A set of Photo-
voltaic/Thermal (PV/T) hybrid solar collectors connected to a battery
stack and a thermal energy storage tank provides the energy re-
quirements of a conventional anaerobic digester. The biogas produced is
then directed to an upgrading system to generate biomethane. A
chemical absorption system was chosen to eliminate CO5 and other
undesirable elements, since thermal energy and electricity are consumed
along the upgrading process.

A medium size pig farm with 2000 heads was herein used as model
farm [25,26]. A conventional cylindrical digester of 9 m diameter and
4.5 m height was considered for biogas generation from the liquid waste
of the farm. The digester is operated at a hydraulic residence time (HRT)
of 25 days. The volume of the digester was calculated using Eq. (1):

_ substrate V

3
Digester volume (m’) (m—> *HRT (days)*1.3(biogas factor)

day day
(€))

Where the substrate V is the volume introduced per day in the reactor,
HRT is the hydraulic retention time, and the biogas factor is included to
account for the headspace of the digester.

Pig slurry substrate presents fluctuations in composition, especially
in organic matter content, which depends in turn on growth stage, an-
imal diet and seasonality. Representative average characteristics have
been used in these calculations [27,28].

A commercial PV/T hybrid module was considered for this simula-
tion. The maximum temperature of the panel collector was set at 80 °C,
with a set point between 30 and 40 °C inside of the anaerobic reactor, i.
e., a biogas boiler was also included in the simulation for periods with
insufficient solar radiation.

The electricity produced by the solar modules is connected into a
combiner box equipped with batteries. The electricity is then used to
operate the digester, pumps, mixers or in the biogas upgrading unit.
During periods of low irradiation levels, the upgrading process is
stopped given priority to the digester operation.

The heat captured by the module field is stored into a tank and a
thermal exchanger is utilised to increase the temperature of the digester
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Table 1
Characteristics of the proposed system.

Parameter Value References

Anaerobic digester

Working volume 700 (Ahlberg-Eliasson et al., 2017)
(m*)

Working temperature 35
(9]

HRT: Hydraulic 25

Retention Time (d)

Substrate: Pig slurry

Managed volume (m® 11,500 (Dieter Deublein & Angelika
y'l) Steinhauser, 2011; Marchetti

Moisture content (%) 95 et al., 2022; Ning et al., 2019;

Density (kg m~>) ~1 Santos et al., 2022)
TS: Total Solids (g 45.3
kg™
VS: Volatile Solids (g 33.3
kg™
nb: Biogas yield (m® 0.5
kgvs™)

Biogas upgrading technology: Chemical absorption

Energy consumption 0.1-0.15 kWh m~3 (Abdeen et al., 2016; Ward et al.,
and 0.5-0.75 kWh 2021)
m 3 (heat) raw gas

Efficiency (%) 96.7-97.7

Solar system: Hybrid technology
Me thermal 60
conversion
efficiency (%)
Npv Photoelectric 17
conversion
efficiency (%)

Commercial hybrid solar
collector

until the mesophilic conditions (35 °C) [29]. This equipment operates by
facilitating heat transfer between a network of tubes, allowing the hot
fluid from solar panels and the cold fluid from within the anaerobic
digester to circulate. As these fluids flow in proximity, heat transfer
takes place [30]. According to the calculations, 200 m? of hybrid solar
collectors are necessary to cover the energy requirements of the digester
and the upgrading unit, which corresponds to a minor portion of the roof
surface of the farm facility house. Considering the average size of these
installations, between 1000 and 2000 m? in case of 2000-head pig farm,
the surface covered by panels range between 5 and 10 % of the farm roof
[33]. Average efficiencies of 60% and 17% for thermal and electrical
energy were assumed in this calculation. These values are in range of the
commercially available hybrid panels.

A heat exchanger with a total surface of 2 m? was herein used by
considering the most adverse thermal conditions of the year according to
Eq. (2):

Q= U,*An*LMTD (2)

Where Q is the heat transferred by the heat exchanger in the worst
conditions (between 88.7 and 160.5 kWh depending on the location),
Uex is the Heat transmittance of the heat exchanger (1.15 kW m~2°Cc,
Ay is the exchanger area (m?) and LMTD is a logarithmic mean tem-
perature difference (40-60 °C) [34,35].

The main system characteristics can be seen in Table 1.

The chosen method for upgrading involves a chemical absorption
system that utilizes a chemical solvent to absorb carbon dioxide [31].
This process is well adapted to the hybrid system herein presented since
both thermal and electrical energy are required. In this sense, average
values of energy demand of the upgrading system have been considered:
0.125 kWh and 0.625 kWh of thermal and electrical per m® of biogas
treated respectively, with an average of efficiency energy utilization of
97.3% [32].
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Table 2
Electrical equipment, power and working time per day.

Energy Conversion and Management: X 20 (2023) 100488

Electricity consumtion

Power (kW) Working time (h) Energy (kWh)
Pump 1 (digester feeding) 1.1 2 2.2
Pump 2 (digestate extraction) 1.1 2 2.2
Liquid shaker 1.7 12 10.2
Liquid shaker 2 1.7 3 5.1
Liquid pump (heating) 0.75 6 4.5
Liquid pump 2 (heating) 0.75 6 4.5
Gas compressor 0.8 12 9.6

Up-grading unit 0.125 kwWh/m? biogas

2.3. Calculations procedure: energy balance

The energy balance considered the energy consumption and gener-
ation during the process as heat and electricity, according to Eq. (3)-(4).
Biomethane production and the biogas produced were estimated with
Eq. (5)-(6). The amount of thermal energy needed for the digester was
determined based on the heat necessary to maintain the liquid inside the
reactor and the substrate input at a temperature of 35 °C. Thermal needs
of the upgrading process were also introduced in this calculation using
Eq. (7)-(9). Similarly, the electricity consumption resulted from the
operation of the mixers and pumping, as well as biogas upgrading, was
estimated with Eq. (10). Finally, thermal energy and electricity pro-
duction are considered with Eq. (11)-(12)

Table 3
Regions selected for the study.
Soria Towa Odense Santa Laixi
(Spain) (USA) (Denmark) Catarina (China)
(Brazil)
Latitude and 41.7, 41.6, 55.3,10.3 —26.9, 36.9,
longitude —2.4 —91.7 —51.7 120.5
Koppen climate Csb Dfa Cfb Cfa Dwa
classification
Annual 1618.7 1492.0 1023.1 1760.0 1477.3
irradiation
(kWh/m?)
Average annual 11.4 10.1 9.1 16.7 13.0
temperature
(O]
Optimum 36 37 40 26 33
inclination
angle (°)

W-h substrate m* 4.2 MJ
E eat substrate deman — | = * *A Treac or
Heat substrate d d(d) Q( day ) (oc.m3> ( 1

1

T . © *
) )

(8

Where 42M] js the water specific heat (the pig slurry has a 95% water
content) and AT is the temperature difference between the reactor and

the substrate.

Weh
_ Weh
Elear Balance (T) = Ept proa — [EH digester demand @ Ettear uperading demand <T.>
+EH substrate demand +EH upgrading dpmand} m3 Wh (9)
= (BiOgaSpmduvfd - BiOgasu:Ed in the bioler) (7) ‘kupgradinghv <ﬁ>
Where E is energy and H is heat.
Weh Where upgradingy. is the heat required to upgrade 1 m® of biogas to
Egtecuricity Balance )= Eg prod — EE demand @ biomethane.
Weh . h
Biomethane pgragea = BIOZUS yrotucea — BIOZAS yseq i the boiter (5) E('/e('tri('ityd('mand( g ) = Z EP(W)*WT (3)
- 10)
. m? + (Biogasproduced — Biog asuxedimhebiulm') (f) *upgrading,, (ﬁ)
Blogaspmduced d m
¢ ©
_ Q(M > * (@) *TS(%)*VS(%)*n <M) Where EP is the equipment power (pumps, mixer) WT is the working
day m? B Tnys time per day and upgrading,. is the electricity required to upgrade 1 m®
of biogas to biomethane (see Table 2).
Weh kWh
Etiear prod (T.) = {Irradiation( e )“"'solar panelsygace (mz)*ﬂe(%)""ﬂ,x(%)] + [bi0gAS 50t i1 the boiter Mpo) an

Where Q is the substrate flow rate, d is the substrate density, TS and VS
are the total and volatile solids of the substrate and #j is the biogas yield
of the substrate.

W-h W . .
Eteat digester demand (T) =K ( > *A (mz) *A(T o

m?2.°C
«24h, 1
day 7,,(%)

—Tu)(°C)

(7)

Where K is the heat transfer coefficient (0.3 for the digester wall and
floor and 1.0 for the cover), A is the area in contact between the inside
and outside reactor, AT is the temperature difference between the in-
ternal (35 °C) and external part of the reactor and nex is the heat
exchanger efficiency (90%).

Where 7, is the solar panel thermal efficiency (%), 7 is the thermal
system efficiency taking into account different possible thermal losses
(operational issues...) and 7, is the boiler efficiency (90%).

Weh
Eele(‘tririr_v prod T

12)
kWh
= SOlarlrradiarian (W) *S()lar panEIsmface (mZ) *va(%) *nm(%)

Where 7, is the photoelectric conversion efficiency (%), and 7, is the
electricity system efficiency taking into account different possible elec-
tricity losses (15%).

2.4. Study localizations

To assess the robustness of the hybrid AD/S system, it was tested
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Table 4
Investment costs of the hybrid PV/T solar system equipment’s.
Equipment Cost Units
(USD)
Hybrid PV/TSolar Solar collector 591 100
System Inverter-Charger 3715 3
Regulator MPTT 2100 3
Battery stack 1295 14
Liquid pumps 4545 2
Storage tank 2727 2
Structure, cable, valves, 1 40%
connections, others
Installation 1 20%

under varied climatic conditions. For this purpose, five regions were
selected: Soria (Spain), Iowa (United States), Odense (Denmark), Santa
Catarina (Brazil) and Laixi (China). All of them represent regions with
high density of swine production [36].

The climatological data for each region was studied considering a
standard year using Solargis software. The main characteristics of the
locations are presented in Table 3. Solar irradiation values and ambient
air temperature were used for the calculation of the energy productivity
in the panels and the digester requirements. Simulation of the ideal tilt
angle for the solar panels was also conducted for each region. Koppen
Climate classification has also been included taking account the seasonal
precipitation and level of heat [37].

Energy Conversion and Management: X 20 (2023) 100488

2.5. Economic analysis

Renewable energy resources must be compared among then and with
the non-renewable ones in terms of costs of generation. In this scenario a
value of levelised cost of energy (LCOE) value is desired. This cost metric
has become a standard for assessing and comparing energy technologies
and guiding design advancements [38]. Traditionally, LCOE is defined
as the annualised costs relative to the annual energy production, rep-
resented by Eq. (13) [39].

The computation of LCOE values relies on the total installed costs
and specific capacity factors of individual projects, along with the
operation and maintenance (O&M) expenses.
T
n E,
t=1(1+4r)

Generation Annual Costs
LCOE = =
Annual Energy Production

13

Where I, the investment expenditures in the year t, M; operations and
maintenance expenditures in the year t, E; electricity generation in the
year t, r the discount rate — 5% according to Weinand et al. [40] - and n
the lifetime of the system.

The study focuses on examining the potential rise in biomethane
savings resulting from the introduction of hybrid solar equipment into
an isolated anaerobic system with 20 years of lifetime to calculate the
LCOE. The total investment cost is estimated by considering specific
expenses associated with solar collectors, inverter-chargers, Maximum
Power Point Tracker (MPPT) regulators, storage systems, and other
installation-related items, as shown in the Table 4. O&M costs have been

250 1
200 ~
E N
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= 150 4
5 O—Iowa (USA)
£ —A—Laixi (China)
E 100 + x-S i .
5 anta Catarina (Brazil)
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50 1
0 T T T T T T T T T T T )
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‘g 10 4 —x— Laixi (China)
é X Santa Catarina (Brazil)
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Fig. 2. (a) Average monthly temperature (b) and ambient irradiation in each location selected.
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Soria (Spain)
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Fig. 3. Electrical (left) and thermal (right) production and demand for the study locations: a) Soria (Spain); b) Iowa (USA); ¢) Odense (Denmark); d) Santa Catarina

(Brazil); e) Laixi (China).

defined as the 2% of the capital cost (CAPEX) per year for the whole
system [41,42].

3. Results and discussion
3.1. Temperature and irradiance conditions

The different climate scenarios considered in the chosen regions are
depicted in Fig. 2a and 2b, showing the mean monthly irradiance and

ambient temperatures for the five locations. Laixi (China), Iowa (USA)
and Santa Cataria (Brazil) have a similar temperature pattern along the
year with a hot summer, feature of Koppen classification Dwa, Dfa and
Cfa, respectively. The summers reach high temperatures with an average
of 26 °C in Laixi or 23.8 °C in Iowa in July. Soria (Spain) and Odense
(Denmark), with a warm summer, below an average temperature of
22 °C, have a Koppen clarification Csb and Cfb, respectively. Moreover,
the winter temperatures are colder in Iowa and Laixi with —2.4 °C in
December and —1.6 °C in January, respectively. On the other hand, the
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Towa (USA)
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Fig. 4. Biomethane produced by the proposed hybrid system (blue colour) and biomethane saved by solar collector (red colour) in a) Soria (Spain); b) Iowa (USA); ¢)

Odense (Denmark); d) Santa Catarina (Brazil); e) Laixi (China).

availability of sunshine has the same pattern in Soria, Odense, Iowa and
Laixi, characterised by a high irradiation during summer. The lowest
irradiance levels correspond to Odense, with minimum of 11.6 kWh/m?
in December. On the other hand, Soria presented an annual average
irradiation of 134.9 kWh/m? with a maximum of 230.7 kWh/m? in July.
The case of Santa Catarina has a totally different performance with a
more persistent irradiation throughout the year.

3.2. Energy balances

Fig. 3 displays the system’s energy production and demand, calcu-
lated using monthly data for each location. Biogas conversion into bio-
methane was limited by electricity availability, especially in winter
months when the low solar energy production compromises the opera-
tion of the upgrading system. Similarly, the thermal production was
insufficient during the months of lower temperatures and solar radiation
in the locations with cold (continental) climate such as Odense
(Denmark) or Iowa (USA). Under these conditions, thermal re-
quirements are covered by biogas combustion and upgrading is not
operated as can be seen in Fig. 4. The subtropical conditions of Santa
Catarina (Brazil) resulted in the highest biogas transformation to bio-
methane, accounting for 83.3% of total biogas produced in the digester.
Odense presented the lowest conversion rate, with an annual average
value of 39.7%. The other locations, belonging to temperate or even cold

climates, presented a higher radiation in winter months and reached
average biomethane production considerable higher than Odense, be-
tween 64.7 and 71.7%.

The most adverse circumstances were discovered in Odense simu-
lation, in which the system was unable to meet the necessary electricity
demand. This could lead to a loss of control over the anaerobic digestion
process occurring within the reactor, and therefore another electricity
source would be needed. It is, therefore, the only case where the pro-
posed hybrid system is not recommended in isolated installations. Under
these conditions, all of the biogas produced must be used to preserve the
reactor temperature.

In the rest of the locations, only a part of the production, in greater or
lesser quantity, would be used to maintain the temperature of the
digester, but in any case, ensuring its operability and the biomethane
generation through the year. lowa and Soria (Spain) presented a similar
performance with the central months of the year with an energy gen-
eration surplus that guarantees the production of 100% biomethane, and
the months of November, December and January where more than 75%
of the biogas would be consumed in the boiler.

In Santa Catarina and Laixi (China), with more constant irradiation
conditions during all months (a deviation of less than 50 kWh/mZ), the
system can maintain the same operation throughout the year, even
though Laixi experience very cold months in winter (temperatures
below 0 °C in January). These findings confirmed the soundness of the
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Biomethane production (m?/year)

Soria (Spain) 25517.3

Iowa (USA) 25191.3

Odense (Denmark) 14107.1
Santa Catarina (Brazil) 29607.2
Laixi (China) 22998.2

Fig. 5. Yearly biomethane production for the study locations.

Table 5
Economic analysis for the PV/T solar system implementation for each study location.
Unit Photovoltaic/Thermal (PV/T) hybrid solar system
Soria (Spain) Towa (USA) Odense (Denmark) Santa Catarina (Brazil) Laixi (China) Promedium

Capital Cost USD kw ™! 3055
Operating Cost USD kw1 y! 61
Lifetime y 20
Discount rate % 4.5
Biomethane m® y'1 17,077 16,861 12,945 16,132 16,034 15,810
Biomethane kWh y'1 179,312 177,037 135,923 169,391 168,362 166,005
Economic price USD kwh ! 8966 8852 6796 8470 8418 8300
Equipment cost UsD y’1 7485 7485 7485 7485 7485 7485
Capital costs USD Nm™3 0.438 0.444 0.578 0.464 0.467 0.473
LCOE USD kwh ! 0.042 0.042 0.055 0.044 0.044 0.045

proposed system for continental temperate climates (Dwa in Koppen
classification).

In all scenarios, heat surplus is produced during the warm periods in
temperate climates and through all year in tropical areas. In the
particular case of electricity, the production matched the total demand
of the integrated facilities, since the energy required by the upgrading
system was adjusted to the availability of solar energy. Energy excess,
which could seem as a disadvantage since it would force to dissipate the
heat to avoid O&M problems, is herein presented as an opportunity due
to the high energy demand of swine farms [43]. Other possibilities for
excess heat dissipation can include regeneration of sorbents used in
desulfuration and water removal from processed biomethane [44,45].

Fig. 4 illustrates the biomethane savings achieved through the
operation of the digester with the support of PV/T solar collectors. The
annual data ranges from 54.5% in Santa Catarina to 65.7% in Odense. In
this context, the winter season is particularly critical due to the low
temperatures, especially in cold climate regions like Iowa (Dfa) and
Laixi (Dwa). In these regions, the surplus energy generated by the hybrid
solar system drives the biomethane production.

On the other hand, the annual volumes of biomethane produced is
presented in Fig. 5, where the values range between 14,107 m® for the
case of Odense and 29,607 m® for Santa Catarina. This difference of
more than 50% is likely due to the most unfavourable months in terms of
the amount of solar energy available. In Soria, lowa and Laixi the annual
production is similar, averaging 25,000 m> of biomethane.

The destination of biomethane will depend on the location and needs
of the farm in its daily operation. With a close accessibility to the natural
gas grid, injection into the network would be an alternative, ensuring a
gas composition according to the supply regulation in each location and
with the only requirement to adjust the gas pressure to about 4 bars at

the network inlet [46]. When a microgrid is available on-site, a more
direct use of biomethane could be made with electricity generation
through an engine, heat generation with boiler or cogeneration. These
energy networks are being studied and implemented in countries such as
Sweden, Bangladesh or India [47,48]. Finally, if the farm itself has en-
ergy requirements, it can develop its use directly on-site. Since the
chemical absorption upgrading technology guarantees a biomethane
quality above 95% [49], the produced biomethane could also be used as
a biofuel for CNG vehicles after gas compression [50]. This direct use of
biomethane emerges as a renewable decarbonization option in rural
areas, where integrated management solutions for agricultural and
livestock wastes could transform the primary sector from an energy
consuming into an energy producing sector.

3.3. Economic analysis

Table 5 displays the results of the economic evaluation in terms of
LCOE over a 20-year operational period. The CAPEX has been calculated
at 3055 USD/kWh, representing approximately a 50% increase
compared to a photovoltaic system and 20% more than a thermal system
[51,52]. However, despite these higher initial costs, the hybrid panel-
based system was over 40% more profitable. In addition, a consider-
able reduction in land utilization is achieved compared to conventional
photovoltaic and thermal panels.

On the other hand, the obtained LCOE values for the target regions
ranged from 0.042 USD/kWh in Soria to 0.055 USD/kWh in Odense,
with an average value of 0.045 USD/kWh considering the five locations.
This indicates that implementing a hybrid solar system in an anaerobic
digester is highly competitive when compared to the weighted average
LCOE of electricity generation projects from bioenergy sources, which
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stands at 0.06 USD/kWh according to the global analysis by the
Renewable Energy Agency, (2022), and an average value of 0.10 USD/
kWh for biogas projects [53,54].

4. Conclusions

A novel system combining anaerobic digestion and solar hybrid
panels was assessed as an alternative to biogas and biomethane gener-
ation in areas without access to the electricity grid. This configuration
will ensure a higher energy yield and access to bioenergy in isolated
communities. The high temperatures and particularly, the availability of
sunlight, will favour this hybrid system in terms of energy efficiency and
conversion to biomethane as a substitute for natural gas, with maximum
values in tropical areas, up to 83.3% of its potential, and minimum in
cold temperate climates, less than 40 % in annual average. Temperate
climates allow for intermitting production of biomethane with a marked
seasonality that limits the upgrading operation to warm months. Solar
hybrid panels can provide sufficient electricity for biogas/biomethane
generation in any of the locations studied. On the contrary, thermal
energy production limited the total self-sufficiency in the particular case
of temperate regions. Finally, the economic study revealed that the PV/T
hybrid solar technology proposed for enhancing the conventional
anaerobic digester boasts a remarkably competitive LCOE value when
compared to other energy sector technologies.
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