Biofuel Trigeneration with Energy Storage for Heating, Cooling and Power on Farms
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Abstract— The drive towards net-zero carbon emissions has prompted many industries to alter the way

they operate. The agriculture industry is responsible for a large proportion of the UK’s greenhouse gas
emissions. Thus, the feasibility of implementing an anaerobic digestion (AD) system supplying biogas
to a trigeneration system with energy storage for the provision of heating, cooling and power has been
investigated in the context of a medium-scale arable farm. Two configurations — one supplied with wheat
straw only, and the other supplied with wheat straw, barley straw and manure — were identified to meet
the energy demands of the farm. Technical feasibility was investigated via simulations run in ECLIPSE,
with the two configurations returning overall system efficiencies of 66.8% and 67.1%, respectively.
Economic analyses indicated simple payback periods of 9.4 and 11 years, which fall within the expected
20-year lifetime of the project. Furthermore, the potential reduction in CO; emissions for each scenario
was determined to be 42,764 kg and 43,956 kg per year.
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1. INTRODUCTION

WirtH the escalation of human-driven climate change, the issue of global warming remains a priority for

governments around the world. The UK Committee on Climate Change has set a target for a 68%
reduction in greenhouse gas (GHG) emissions by 2030, and a 100% reduction by 2050 [1], compared to
1990 levels. The introduction of new policies, regulations and incentives has given impetus to sustainable
technology solutions promoting a net-zero future.

In 2018, the UK territorial greenhouse gas emissions came to a total of 451 Mt, including 366 Mt of
carbon dioxide (CO3) [2]. It is estimated that the agriculture industry contributed 10% of these emissions,
with methane - which has a global warming potential (GWP) of 25 times that of carbon dioxide [3] -
accounting for 56%. Thus, there is an enormous potential for the agriculture industry to reduce their GHG
contribution. Friel et al. [4] identified that this can be achieved through technological improvements and
innovations, focused on increasing efficiency and improved farm management. Furthermore, a study by
Maturo et al. [5] found that energy schemes involving energy-efficient technologies and novel system
layouts — such as anaerobic digestion, cogeneration and biogas upgrading — returned notable economic
and environmental benefits in the context of an agricultural community in Italy.

The GHG emissions issue is further aggravated by a growing demand for electricity. Due to population
increase, decarbonisation of heating and cooling, and electrification of the automotive industry — among
other factors — electricity demand could increase by up to nearly 50% by 2050 [6]. The intermittency
inherent in renewables also poses a reliability problem. One method of reducing grid-dependency is the
implementation of distributed energy resources (DERs) [7].
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Anaerobic digestion (AD) is a biochemical process used to obtain biogas fuel from waste material. In
addition to reducing the amount of waste material either going to landfill or left to decompose on open
fields, a by-product of AD is an organic, nitrogen-rich digestate which can be used as a potent fertiliser
[8], [9]. Animal waste and organic residential and industrial wastes are common feedstocks with a
recognised potential for biogas production [10], [11].

Biogas can further be used to produce useful energy via combined heat and power generation (CHP)
or combined cooling, heat, and power (CCHP)[12], [13]. A review of previous work by Lahoud et al.
[14] indicates that the implementation of CHP and CCHP systems can achieve efficiencies in the range
of 80-90%. CHP is a mature technology, and CCHP, also called trigeneration, is growing in popularity.
Applications include the residential sector REF [15] and in industry, especially where variable cooling
and heating demands exist. One such industry is agriculture.

Large quantities of agricultural by-products on arable farms, such as cereal straws and maize stalks,
are often directed to landfills or abandoned on fields after harvest. The addition of crop straw to soil can
improve soil properties as it is rich in organic material and soil nutrients [16],[17]. However, the presence
of residual herbicides and pesticides in straw and CO; emissions from straw-amended soil can pose
significant problems [18] and highlights the importance for farmers to limit straw left in fields. The
biogas potential of crop straws is much lower than other agricultural waste due to lignocellulosic
compounds, however, the sheer quantity generally produced on an arable farm suggests there is
significant potential for meeting energy demands [19],[20]. The energy potential of crop residues could
be further exploited via co-digestion with animal wastes [21],[22], which is viable for a mixed arable
farm, or if animal waste from neighbouring farms is available. Additionally, continued research into
commercially viable pre-treatment options is increasing the level of interest in crop straw AD, which is
crucial for countries where burning straw is the only way to clear land [23].

In the UK, the drive towards sustainable growth has resulted in economic incentives for implementing
combined AD and CHP or CCHP systems [24]. Such incentives include the Business Rating Exemption,
the Renewable Heat Incentive (RHI), and Feed-in Tariffs (FIT). Although it should be noted that
applications for the FIT scheme closed in March 2019 [25]; instead, it is set to be replaced by the Smart
Export Guarantee (SEG) [26]. Therefore, implementation of a CHP or trigeneration system has the
potential to generate additional revenue streams for a farm.

Ultimately, by reducing waste straw left to openly decompose, powering process energy demands
through biogas instead of red diesel or the grid, and redirecting waste straw which might have gone to
landfill, a farm may contribute to climate protection. A research gap exists due to limited research in
using biogas from straw — in particular, wheat and barley — with trigeneration for a sustainable energy
supply to an arable farm, which demonstrates the novelty of the study. Thus, the aim of this research
project was to investigate the technical and economic feasibility of meeting the heating, cooling and
power demands of an arable or mixed farm via a novel biogas-fuelled trigeneration system. The use of
energy storage within the system will also be considered due to positive results reported by Shao et al.
[27] when investigating a CCHP system with energy storage. The main contributions are to develop a
net-zero energy supply system to be used as a mitigation option towards sustainable farming, and
demonstrate the energy potential of waste straw.

2. METHODOLOGY

The feasibility study was carried out using data from an arable farm located in England. The farm spans
485 ha, of which 25 ha are used for 200 ewes. Crop distribution across the remaining land varies from
year-to-year, with an average distribution as shown in Table 1.

Table 1 Crop distribution on an average year

Crops Land occupied / ha




Oilseed rape 50
Barley 180
Wheat 140
Dry peas 20

Approaches adopted in this study include surveys and virtual meetings to obtain data for the electricity,
heating and cooling demands of the farm, in addition to simulations of various systems on ECLIPSE (the
personal computer-based process simulation package). Energy demand fluctuates throughout the year as
grain drying and grain cooling are not continuously carried out. The yearly demands are displayed in
Figure 1 and summarised in Table 2.
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Figure 1 Electricity, heating and cooling demand throughout the year

Table 2 Summary of total yearly demand, and maximum and minimum demands per day

Yearly Demand (kWh)  Maximum (kWh-day')  Minimum (kWh-day™)

Electricity 31200 420 20
Heating 127915 1920 12
Cooling 32283 486 24

The energy demand due to farming operations and domestic use is currently supplied by electricity
from the grid and red diesel fuel (see Figure 2).

To determine biowaste availability, data from 2018 was provided by the farm, where wheat straw
production totalled 684 tonnes, and barley straw totalled 110 tonnes. This indicated feedstock flow rates
of 0.0217 kg/s and 0.0035 kg/s for wheat and barley straws, respectively. The available waste from
livestock was also estimated to be 0.0044 kg/s.
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Figure 2 Current energy supply system

2.1. Electricity Demand
2.1.1. Domestic consumption

Currently, the cost of electricity is around £180 per month on average in a year. This value covers the
cost of electricity consumed across domestic properties and electricity used to power three 2 kW cooling
fans in the grain shed; it has been estimated that consumption is split equally between domestic use and
grain cooling.

The energy supplier operates with time-of-use rates, where the day-time (peak) price is £0.16 / kWh
and the night-time (off-peak) price is £0.12 / kWh. The farm further estimates that 80% of electricity is
consumed in peak hours, suggesting a yearly consumption of 14400 kWh. Eliminating the cooling
demand results in 7200 kWh being supplied by the grid per year.

2.1.2. Grain Drying

An additional demand stems from operation of a 60 kW / 75 kVA diesel generator used to power the
grain dryer. This generator consumes 1500 litres of red diesel across the 2-month harvest period, where
the grain dryer operates for 400 hours, resulting in a power requirement of 24,000 kWh.

2.2. Heating Demand
2.2.1. Grain Drying Heat

For an arable farm, the most energy intensive process is grain drying during the harvest season. In one
year, the farm can expect to start drying grain in late July or early August and complete the drying process
at any point in September — the period and intensity of drying is heavily dependent upon climate. For the
purpose of this study, it is assumed that the grain dryer operates for two months of the year (August —
September).

During the drying period, 10,000 litres of red diesel is burned to generate heat, which equates to 9600
kg. The quantity of supplied heat was calculated using the higher heating value of red diesel, which is
given as C,, = 42,893 kJ /kg, and the mass of red diesel, My, :

erying = Cp X Mgyel (D



The heat energy required for grain drying was calculated to be 114415 kWh per year.

With the knowledge that 400 hours of drying is completed in an average year (approximately 6.7 hours
per day across two months), this indicates a heating requirement of 1030 MJ/hour or 286 kW. A standard
thermal efficiency of 33% is applied, while 60% of losses are assumed to be from heat (exhaust gases
and coolant), with the remaining energy lost due to friction, pumping, and so on. Since 286 kW of heat
energy is required for grain drying, the heat losses from the engine are equated to this value. Thus, the
size of the engine is calculated from (2), where the thermal efficiency 1., = 33%, the heat loss
percentage Npear = 60%, Parying = 286 kW, and Pey,gine 18 the required engine size.

Pjrvi
Pengine = = Ntn
heat
In order to meet the heating demand, the engine should be approximately 160 kW.

2.2.2. Domestic Heat

An additional heat demand stems from space heating and domestic hot water. The mean average gas
consumption for a household in the North East is estimated to be 13,500 kWh [28]. Combining this with
data on monthly variation of natural gas consumption in the UK [29] allowed domestic heating demand
to be calculated proportionally for each month (Figure 3).
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2.3. Cooling Demand
2.3.1. Grain Cooling

On arable farms, cooling is employed for the purpose of maintaining grain quality, which is crucial for
minimising the probability of grain rejection and extending the maximum storage period.

Currently, grain cooling is achieved via three 2 kW fans installed in the grain shed, consuming an
average of 750 kWh of electricity per month across 9 months, as provided by the case study. Fans are
manually turned on and the grain temperature is checked periodically by hand.

The cooling demand was calculated using data from Table 1. For each crop, the 5-year average yield

value in tonnes per hectare was obtained from DEFRA [30]. The mass of each crop stored immediately
after harvest is given in Table 3.

Table 3 Annual crop production and yield

Crop Yield (T-ha™!) Production (T)
OSR 33 165




Barley 6.2 1116
Wheat 8.3 1162
Dry peas 3.5 70

To calculate cooling demand, the following assumptions were made:

e Oilseed rape (OSR), barley, wheat, and dry peas are the crops to be stored.

e Harvested crops are kept in a grain shed for a maximum of 9 months.

e Crops are sold linearly from August — April, such that the grain store is full in August and empty by
May.

e Proportion of each stored crop remains constant, i.e. 7% OSR, 44% barley, 46% wheat, and 3% dry
peas.

e Grain should be stored at a temperature of 10 °C or lower, as indicated by the farmer.

e An absorption chiller and fan coil unit are used for cold storage.

The required cooling demand Q.,;4 was calculated using (2).
Qcold = MWpr(Tambient - Tideal) + MCCpC(Tambient - Tideal) (2)

where M,, is the mass of water calculated from moisture content during storage, M, is the dry mass of
each crop, Cp,, is the specific heat capacity of water, taken as a constant of 4.2 kJ kg t-oC Cpc is the
specific heat capacity corresponding to each stored crop, Tympient 1S the ambient air temperature, and
Tiqeqr 1s the ideal storage temperature.

The specific heat capacity of each crop [31]-[33], along with moisture content (MC) immediately post-
harvest and during storage is given in Table 4.

Table 4 Specific heat capacity and moisture content post-harvest and during storage for each crop

Crop Cp (kI'kgt-oC™) MC Post-harvest MC in Storage (%)
(%)

OSR 1.84 12 14.5-15

Barley 1.63 21 14.5-15

Wheat 1.55 21 7.5-8

Dry peas 3.39 25 14-15

Tampient Vvaries throughout the year and average monthly temperatures were obtained from the
Meteorological Office, while the ideal storage temperature T;4.4; Was set to 10°C.

The cooling demand in a given month was calculated for each crop and summed (see Table 5). Results
indicated that cooling would be required for 5 months of the year, as ambient temperature would be
sufficiently low in the winter months to not necessitate cooling.

Table 5 Cooling demand

Month Qcold (kWh)
August 13864
September 7293
October 1981

March 228

April 126




An investigation into thermal conductivity suggested that it would be sufficient to pass a cooling front
through the stored mass once per month. However, if this proves to be practically insufficient, the 2 kW
fans currently installed may be utilised to make up any deficit in supply.

2.3.2. Domestic Cooling

There are 2 fridge-freezers present in domestic properties on the farm, rated at 272 W. On average, the
refrigeration unit is maintained at a temperature of 5°C, while the freezer unit is maintained at a
temperature of -20 °C. To estimate the cooling energy utilised, the Carnot coefficient of performance
(COP) for a vapour compression refrigeration cycle (3) was calculated for each unit.

Tc Qout
= — 3
n Tu-Tc Win (3)

where T, = 5°C for the fridge, T, = —20°C for the freezer, W;,, = 272W split between the two
stores, and Ty = 21°C to represent room temperature. The average fridge operates with 120 W, while
the average freezer operates with 150 W, therefore these values were used as W;,, for each case. Using
the Carnot COP allowed maximum demand to be estimated, to represent a worst-case scenario. A final
domestic cooling value of 8791 kWh was calculated.

2.4 Trigeneration Schematic

Figure 4 displays the preliminary schematic for the trigeneration system. Biowaste is input into the AD
system, which produces biogas for the generator. The generator produces electricity for domestic
properties and to run the grain dryer. Simultaneously, heat from the generator exhaust is supplied to the
absorption cooler for domestic refrigeration and grain cooling, and either stored or immediately used for
grain drying and domestic heating.
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Figure 4 Preliminary trigeneration schematic detailing electricity, heat and cooling flows

2.5. Modelling and Simulation



Three systems were modelled in ECLIPSE: an AD system, a CHP system, and a trigeneration system.
Simulations were run to first obtain quantities of produced biogas from available biowaste, then to
determine energy potential from the biogas, heat transfers throughout the system, and the electrical power
generated.

ECLIPSE is a chemical process simulation package. There are 4 programs within ECLIPSE in which
models are created and simulations are run to evaluate the technical feasibility of a process. The first step
involves creating a process flow diagram (PFD) and inputting essential technical data (efficiencies,
temperatures, pressures, etc.). Relevant data for compounds used within the PFD must be added to the
compound database (CD), including the C, H, O, N and S compositions. Simulations can then be run on
the defined system to generate a mass and energy balance (MEB), which provides data regarding flows
and composition, heat transfer, and energy usage. The utilities usages can be calculated after completion
of the MEB, which computes the system electricity demand and power surplus.

The ECLIPSE models for components of the trigeneration system, including the engine and the
absorption chiller, were validated against commercially available units [34],[35] to ensure technical
feasibility. Figure 5 and Figure 6 present the ECLIPSE models used for validation.
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Figure 5 Model Validation: Mass energy balance model for the 17.6 kW Robur absorption chiller
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Figure 6 Model Validation: Mass energy balance model for the 60 kW Engine

3. RESULTS AND DISCUSSION

3.1. Simulations for Anaerobic Digestion

Initially, AD simulations were run for 12 scenarios to compare the effect of 2 independent variables. A
mass energy balance model was created and modified for each AD scenario. The 2 variables were
feedstock input and the period of operation. The available feedstock options are wheat straw (W), wheat
and barley straws (W, B) and wheat straw, barley straw and sheep manure (W, B, M), where the straws

are chopped prior to loading. The periods of operation are 12, 9, 6 and 3 months.

The ultimate compositions (CHONS) of both straw types and sheep manure were researched [36], as

shown in Table 6. These values were used as inputs in the AD simulation process.
Table 6 Ultimate analyses for feedstocks [31]

Composition by weight %

Constituent Wheat Barley Manure
Carbon 48.46 49.18 51.33
Hydrogen 5.79 5.81 6.45
Oxygen 43.64 44.08 38.81
Nitrogen 1.74 0.43 2.65
Sulphur 0.11 0.06 0.76
Chlorine 1.26 0.44 0.00

The model represents a mesophilic digestion process at 25°C, where the material conversion efficiency
is 50% [37]. Due to lower temperatures, the operating cost of mesophilic digestion is lower than for

thermophilic digestion (50 — 65°C), and the process is more stable [38].
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Results from the ECLIPSE simulations revealed predictable trends. Running the system for fewer
months throughout the year increased the amount of feedstock available during operational months,
which increased biogas yield. Likewise, increasing feedstock input led to a rise in biogas output, and in
particular the percentage of CH4 within the produced biogas for the case of wheat, barley and manure.

In the interest of eliminating reliability on the grid and designing a completely self-sufficient system,
consideration of 9, 6 and 3 month periods was rejected. The options in Table 7 were taken forward for
further analysis. Additionally, a trigeneration system supplied with diesel fuel was analysed to evaluate
the environmental impact of biogas adoption. This is Option 4.

Table 7 Description of options for further analysis

Option Period (Months) Feedstock Fuel

1 12 W Biogas
2 12 W, B Biogas
3 12 W,B,M Biogas
4 12 N/A Diesel

3.2. Biogas CHP Analysis

Simulations were run to investigate whether combinations of the available feedstocks could meet the
demands of the farm across the year when used in a continuously operated biogas CHP system. Mass
energy balances for a biogas CHP system utilising Options 1 (see Figure 7), 2 and 3 were generated, in
order to derive values for recovered heat and electricity generation capacity.

The reaction defined in the combustion chamber of the CHP model is described by (4).

Results are displayed in Table 8.
Table 8 Biogas CHP results
Option Heat (MJ-s™) Heat (MJ-day™') Power (kW) Electricity (kWh
-day™)
1 0.097 8381 57.6 1382.4
0.102 8813 59.9 1437.6

3 0.125 10800 74.2 1780.8
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Figure 7 ECLIPSE mass energy balance to model CHP for Option 1
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Comparing these values to the farm’s energy consumption (Table 2) indicates that all options provide
sufficient electrical power to meet demand throughout the year (maximum 420 kWh/day). Furthermore,
all options are able to meet the maximum heating demand (6914 MJ/day). However, there is indication
that electrical and thermal energy storage will be required.

Option 1 Power generated by Option 1 is not able to meet the 60 kW demand of the diesel generator
used to operate the grain dryer, therefore an electrical storage unit must be integrated into the system to
store electricity generated at night for use during the day. Batteries are the most commercially viable for
small-scale generation (<100 kW), and integration with CHP systems has proved to be cost-effective and
energy efficient [39]. Additionally, the rate of heat energy supplied (0.097 MJ/s) is lower than demand
(0.286 MlJ/s), consequently a short-term (daily) thermal energy storage (TES) unit must also be
integrated.

Option 2 The system is able to meet the 60 kW demand, although there is no margin for domestic
consumption, such that when the grain dryer is in operation, domestic properties will have no access to
electricity. Therefore, an electrical storage unit should also be included in this system. As for Option 1,
Option 2 will also require TES.

Option 3 The system will require a new generator to accommodate higher power consumption, but no
electrical storage. As for the previous 2 cases, short-term TES is required.

The advantages of uncoupling electricity and thermal energy production by incorporating TES into
CHP and therefore CCHP systems are abundant, and include improved energy efficiency and reduced
CO» emissions [40],[41]. Sensible heat storage (SHS) with water is the simplest, most prevalent, and
most cost-effective method of short-term TES [42]. The energy storage capacity can be calculated
according to [42]. Hot water for thermal storage has a capacity of 10-50 kWh/tonne, an efficiency of 50-
90%, and a cost of <1-180 £/kWh, dependent upon the size of the system.

Electrical energy storage maximises the advantages of flexible electricity tariffs, in addition to
providing load shifting and contingency benefits.
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System efficiencies and key technical results from the CHP system are displayed in Table 9.
Table 9 Key technical results for CHP system

Electrical Efficiency Overall system efficiency  Heat/electricity ratio

(%) (%0)
Option 1 27.0 73.7 1.69
Option 2 25.1 69.0 1.70
Option 3 26.7 72.3 1.67
Diesel 32.4 84.2 1.60

3.3. Biogas CCHP Analysis

The system was further extended to assess the feasibility of cooling provision, thus representing a
trigeneration system. The model used is identical to the CHP system, except for the incorporation of an
absorption chiller, which is supplied by an additional heat recovery stream from the combustion engine
exhaust. The mass energy balance of the absorption chiller system, which is based on and validated
according to a 17.6 kW ammonia-water chiller by Robur [35], is displayed in Figure 5.

The results for the trigeneration simulations are displayed in Table 10.

Table 10 Trigeneration results, where excess heat is calculated as CHP heat minus the absorption chiller
heat consumption

Option Absorption Available Heat Power (kW) Electricity (kWh
Chiller Cooling ~ (MJ-day™) -day!)
(MJ-day™)

1 1521 5703 56.5 1356
1521 6135 58.8 1411

3 1521 8122 73.1 1754

The absorption chiller was modelled with the parameters in Table 11.

Table 11 Absorption chiller properties

Parameter Value
COP 0.55

Heat Input (kW) 31.0
Refrigeration Capacity (kW) 17.6
Minimum Temperature (°C) 4

Type Air-cooled

With the addition of the absorption chiller for refrigerated cooling, 0.031 MJ/s of heat is consumed,
which equates to 2678 MJ/day. This results in reduced energy available for heating.

Option 1 Results from Option 1 indicate insufficient heat energy generation. In a 24-hour period, 5703
MJ of heat is generated, while the heat demand for drying and domestic usage is 6914 MJ, resulting in a
deficit of 1211 MJ. In this case, short-term TES is not a viable solution, since this deficit occurs on a
daily basis, therefore excess heat energy must be derived from an alternative source.

One solution considered was long-term (interseason) TES, which would involve storing heat energy in
June and July to meet any deficits occurring throughout August and September. It is currently unfeasible
to employ hot water for long-term TES in small-scale applications, such as the case study. Latent heat
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storage (LHS) is more common, and advances in phase-change materials (PCM) [43] has led to a rise in
applications. However, barriers to implementing this include high cost (10-50 € / kWh) [42], as well as
instability issues. Therefore, at present this solution is suboptimal.

Alternatively, the deficit could be met by supplying the existing burner with biogas stored from low-
consumption months. To determine the quantity of biogas required to meet the deficit of 1211 MJ per
day, the burner was modelled in ECLIPSE.

In the months May, June and July, consumption for electricity, heating and cooling is extremely low
due to the absence of drying and cooling processes. The only load during this period is assumed to be
domestic. Therefore, reducing biogas supply to the generator during this time in order to build up a store
for the burner in harvest months is a viable solution. There will be an economic impact due to reduced
electricity available for selling back to the grid (see 3.4.3), in line with Feed-in Tariff considerations.

As was the case for Option 1 in the CHP system, sufficient electricity is generated for daily
consumption, but a battery is required for load balancing.

Option 2 For Option 2, results indicate the same outcomes as in Option 1. Insufficient heat energy
generation necessitates the use of the burner supplied with biogas to meet the deficit. The deficit is
smaller for Option 2, therefore the biogas demand is lower. Deficit and biogas demand values are
displayed in Table 12.

Table 12 Biogas and heat energy data for the burner in Options 1 and 2

Option Deficit (MJ-day!)  Deficit MJ-s')  CV (MJ-kg!) Biogas Demand
(kg's™)
1 1212 0.01402 15.643 0.000896
780 0.00902 15.132 0.000596

Assuming that the system’s biogas input is reduced in June and July, such that enough biogas is stored
for burning in August and September, then the quantities of heat and electricity output by the
trigeneration system are given in Table 13.

Option 3 Results indicate that heat energy production (8122 MJ/day) is sufficient, therefore there is
no need to consider additional components to meet deficits. Electricity generation (1754 kWh/day) is
also sufficient, as is the rate of generation (73.1 kW), which can comfortably meet the 60 kW demand
for the grain dryer, in addition to domestic loads in real-time.

Table 13 Electricity and heat energy outputs in June and July when biogas is reduced for later use

Option Biogas input (kg-s  Heat Out Electricity (kW) Electricity
D) (MJ-day™) (kWh-day™)

1 0.0125 4579 50.9 1222
0.0149 6048 52.8 1266

Cooling Since the same absorption chiller is modelled in all cases, the cooling supply is consistent.
Per day, the absorption chiller provides 1521 MJ of cooling. The cooling load varies throughout the year,
with the peak occurring in August, where 49910 MJ is required. This equates to 1664 MJ per day,
exceeding the supply of the chiller.

One solution is to utilise an absorption chiller with a greater refrigeration capacity, however this would
exacerbate the heat energy deficit already present in Options 1 and 2. Therefore, since the cold energy
deficit only occurs in one month, a feasible solution is to simply operate the existing 2 kW fans to achieve
the desired storage temperature. This solution would reduce the electricity available for selling back to
grid, which is accounted for the economic analysis (3.4).
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Diesel The baseline diesel engine, which is available on the farm, was modelled using specification
data from a 60 kW Cat XQ60 Generator Set.

The system efficiencies for the 3 biogas options in the trigeneration case were lower than for the CHP
case. The overall efficiencies were 66.8% for Option 1, 62.9% for Option 2, and 67.1% for Option 3.
The diesel system saw an efficiency decrease to 77.6%, when operating with the same absorption chiller.
The efficiency decrease arises due to the fact that less cold energy is produced by the absorption chiller
than heat energy consumed, with the chiller having a COP of 0.55.

Ultimately, the technical analysis has highlighted Options 1 and 3, with some modifications, as better
potential solutions than Option 2 due to higher overall system efficiencies. The same trigeneration
schematic applies to Options 1 and 2 (Figure 8). The schematic for Option 3 (Figure 9) is identical, except
for a 75 kW generator instead of a 60 kW generator, and no burner for additional heat supply in August
and September.
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Figure 8 Trigeneration schematic for Options 1 & 2
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3.4. Economic Analyses of Trigeneration Systems
3.4.1. Costs of Options

The essential components for a trigeneration system include a fuel source, a generator, a heat recovery
unit, any energy storage solutions, and an absorption chiller. The fuel and capital costs associated with
each option, along with specific investment, are given in Table 14.

Table 14 Associated costs and specific investment

Option
Parameter Unit Diesel 1 2 3
Annual Fuel Cost £ 74,461 0 0 0
Energy storage, extra £ 19,181 23,120 24,153 28,694
parts
Power generation & £ 5300 170,040 211,225 218,265
electric storage
Total Process £ 25,118 186,762 228,979 240,560
CAPEX
Specific Investment £/kW, 421 3306 3893 3289

To determine the capital expenditure (CAPEX) for Options 1, 2 and 3, the cost of the anaerobic
digestion system was adjusted according to the amount feedstock available. The capital cost for the diesel
system is much lower than for the biogas systems, however annual fuel costs drive up the overall system
cost. As observed in Table 14, the specific investment cost of the diesel system is also much lower than
for the biogas systems, due to the comparatively high cost of AD units.

The annual operational and maintenance costs (OPEX) were set equal to 7% of the CAPEX, based on
estimations for an AD system [44] and a CHP system [45].

3.4.2. Levelised Cost of Energy



16

A common economic indicator used to evaluate a renewable energy project is the levelised cost of energy
(LCOE), which represents the discounted life cost of energy production. It is the net present value (NPV)
at which energy should be sold for the project to breakeven over the system lifetime and can be calculated
according to (5) [46].

N Un+On+Mn+Fn)

LCOE = ==~ (5)
n=0(1+d)n

where I, is the initial investment cost, 0, and M,, are the operation and maintenance costs, d is the
interest rate from borrowing, F, is the fuel cost, and E), is the electricity produced in a particular year, n.
The analysis assumed a discount rate of 6% based on other studies concerning AD and CHP systems [47]
and the fuel cost for biogas systems was set to zero, due to feedstock availability.

The lifetime of a CHP system, which encompasses the generator and heat recovery units, is estimated
by Huang et al. [48] to be 20 years, while absorption chillers, which are low maintenance and durable
[49], can operate for 20-30 years. Based on manufacturers’ specifications, the anaerobic digester can
operate for upwards of 20 years. Therefore, an estimated lifetime of 20 years was adopted for the analysis.
LCOE values considering electricity on its own, and then with energy generated for cooling and heating,
are displayed in Table 15.

Despite low capital costs, the baseline diesel system exhibits the highest LCOE due to very high fuel
costs. The price of red diesel in 2020 was approximately 52.47 ppl. With a fuel input of 0.00432 kg/s for
the diesel generator, 141912 litres of diesel is required annually.

Table 15 LCOE values, for electricity and total energy

Option LCOE (£ - MWh™)
Electricity Electricity, heat and cooling
1 57.45 38.83
2 67.66 44.92
3 57.17 37.80
Diesel 149.69 106.39

In terms of the biogas systems, Options 1 and 3 performed the best, with LCOEs of 57.45 £/MWh and
57.17 £/MWh, for electricity only. The LCOE of Option 2 is relatively high due to the increased cost of
the AD system, accompanied by a small increase in biogas production from the addition of barley straw.
Options 1 and 3 perform on similar scales. The composition of manure indicates a higher biogas yield,
resulting in a greater electrical output for a smaller increase in AD system size. From Option 1 to Option
2, the feedstock input increases by 16% while the electrical power output increases by 4%. From Option
2 to Option 3, the addition of manure results in a feedstock increase of 17%, while the electrical power
output increases by 24%. The difference in output is expected, as straw is known to be a less effective
feedstock due to its lignocellulosic properties. Furthermore, the method of cost estimation for the AD
system was based on the quantity of feedstock input per day. The AD system used for analysis has a
loading capacity of 500 kg of feedstock per day, therefore 4 units are required for Option 1 (1875 kg/day)
and 5 units are required for Options 2 and 3 (2177 kg/day and 2557 kg/day). This method of cost
estimation is conservative. In reality, a system with a loading capacity of 1000 kg/day is less expensive
than 2 systems with a capacity of 500 kg/day. Therefore, the LCOE for Option 2 is likely to be an
overestimation.

3.4.3. Economic Incentives
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Non-domestic RHI and tariff schemes provide additional sources of income, reducing the payback period
of a project. Estimations of revenue from the RHI scheme are derived from rates available online. The
new SEG scheme, established to transfer responsibility to individual energy suppliers, provides
consumers with more flexible tariff rates for electricity export during peak periods. Rates vary between
energy companies, therefore an average of 4.6 p/kWh, based on FIT payments from previous years, was
used.

The annual income generated by tariff schemes was calculated with the following assumptions:

e For Options 1 and 2 in the trigeneration configuration, electricity generation is reduced in June and
July to accommodate biogas storage for August and September.

e Cooling is reinforced by the 2 kW fans in August, with the estimation that 25 kWh is required per
day based on the data provided by the farm.

e Tariff rates remain constant across the 20-year lifetime.

After deducting energy consumption across the farm, Options 1, 2 and 3 yield £26,680, £27,553 and
£33,646 per year in payments via the trigeneration configuration.

3.4.4. Simple Payback Period

The simple payback period (SPB) describes the number of years required to recover the project cost for
an investment. The SPB is calculated by taking into account the CAPEX, OPEX, savings from foregone
energy bills due to project implementation, and any tariff payments. Figure 10 displays the project net
income against time after installation. The payback period is identified as the point at which net income
is positive and the project becomes profitable.

Simple Payback Period (SPB)

250,000
200,000 —+—Option 1

150.000 rOpfion 3

Option 3

100,000

50,000

-50,000

Project Net Income (£)

-100.000

-150.000

-200.000

-250.000 - ‘
Years after Installation

Figure 10 Cumulative cash flow in each year after installation

Figure 10 indicates an SPB of 9.4 years for Option 1, 14.5 years for Option 2, and 11 years for Option
3. As indicated by the LCOE, the longer payback period for Option 2 arises due to the higher cost of a
larger AD system, accompanied by a comparatively small increase in biogas production.

The payback periods of AD and CHP systems vary from project to project, depending upon project
scale and other technical conditions. Carlini et al. [47] reported payback periods of 9 years for a 100 kW
AD-CHP plant, in addition to payback periods of 5 and 4 years for a 500 kW and 1000 kW plant,
respectively. Achinas [50] also reported a payback period of 11 years for a 49 kW AD-CHP system.
Thus, larger scale projects are able to recover investment costs sooner, as the cost per unit of electricity
is reduced. Therefore, the SPB values determined for Options 1, 2 and 3 align with the results of this
study, since the proposed systems are smaller in scale, driving up the cost per unit of electricity.
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The SPBs indicate economic feasibility for all 3 options, as profitability is achieved before the
projected lifetime of 20 years.

The calculation assumes that the project is internally funded, such that no interest is accrued from
borrowing. If the project is instead entirely financed from debt, the lifecycle cost and payback periods
will be greater. Assuming an interest rate of 6%, over a 20-year borrowing period, the SPBs for Options
1, 2 and 3 are 18, 26 and 19 years. With a shorter borrowing period, e.g. 15 years, where monthly
repayments could still be covered by tariff payments, the SPBs are then reduced to 16, 23 and 17 years.
Most likely, a combination of internal and external sources of finance would be utilized, offering true
SPBs between the values discussed and those indicated in Figure 10.

The SPB metric does not take into account the time value of money, i.e. a discount rate, which justifies
the need to consider multiple metrics in order to determine economic feasibility.

3.4.5 District Heating & Heat Energy Surplus

The growing interest in renewable energy technology is likely to increase incentives designed to reduce
project costs.

During months where grain drying is not carried out, there is a significant heat energy surplus. As with
electricity trading, it is possible that with the growing demand for decarbonisation of heating and cooling
systems, there will be a considerable increase in district heating networks operating with buy-back
schemes. The concept of two-way district heating has been explored by Sitra and Finnish Energy [51],
although lack of infrastructure and high economic competitiveness have acted as barriers. However, in
the future, if heat energy can be sold to networks, economic feasibility would be greatly increased.

A brief analysis can be conducted, assuming that unused heat can be bought at the same price per unit
as the mains gas standard rate of £0.036 / kWh [52]. Additional revenue streams could amount to £57504,
£64409, and £87559 per year for Options 1, 2, and 3. This would reduce payback time dramatically. For
total internal funding, SPB across all options would fall between 1-2 years, while for total debt funding,
SPB would fall between 2-4 years, making investments incredibly attractive from an economic
standpoint.

The impact of trading heat is therefore significant, and with the government’s decision in 2020 to invest
£270 million into Green Heat Networks, such a scheme could be available in the near future.

3.5. Carbon Impact

The CO; emissions for each option were determined via analysis of components present in mass flow
streams before and after the combustion process in ECLIPSE. The diesel engine generates 424.3 tonnes
of CO» per year, while Options 1, 2 and 3 generate 346.9 tonnes, 378.3 tonnes and 442.5 tonnes per year,
respectively. However, biogas is assumed to be a carbon neutral fuel as the CO; released during
combustion is captured from the atmosphere by the feedstock, thus CO, from biogas is regarded as part
of the natural carbon balance and therefore not a contributor to atmospheric CO».

In 2018, the UK national grid produced 235 g/kWh of CO., and 0.0292 g/kWh of CHa, totalling 236
gC02¢q /kWh [53]. Electricity consumption data provided by the case study implies annual emissions of
3400 kgCOzeq. Similarly, assuming an annual gas consumption of 13500 kWh, emissions of CO; amount
to 2484 kg. The largest contributor from farming operations is the combustion of red diesel for grain
drying. Annual consumption of 11500 litres results in 33350 kg of CO> emissions, bringing the total mass
of COzeq emitted by the farm to 39234 kg. This is the annual CO» displacement achievable through
implementation of a combined AD and trigeneration system.

Additionally, any electricity sold back to the grid is net-zero and would supply some amount of the
electrical energy demand currently met by fossil fuels, further reducing emissions to the atmosphere. For
Options 1, 2 and 3, considering the electricity available for selling, the amount of CO> displaced by
utilising this electricity over fossil-fuel derived electricity is 3530 kg, 3680 kg and 4722 kg, respectively.
At present, the UK ETS scheme, which facilitates the sale of carbon credits at £40/tonne [54], applies to



19

installations with thermal inputs of 2MW, however if this were extended to smaller capacity systems in
the future, savings could be considerable. Table 16 compares the carbon impact of the diesel-supplied
trigeneration system and the biogas systems.

Table 16 Comparison of annual net CO> emissions, where negative values indicate CO: prevented from
entering the atmosphere and positive values indicate emission

Option Units 1 2 3 Diesel
CO> from Combustion kg yr’! 0 0 0 +424300
CO; Displaced kg-yr! -39234 -39234 -39234 -39234
(Current Use)

CO; Displaced (Grid) kg-yr! -3530 -3680 -4722 -3829
Net CO2 contribution kg yr! -42764 -42914 -43956 +381237

The environmental advantages of implementing any of the biogas systems is evident, and analysis of
the diesel system puts into perspective how crucial it is to shift to carbon-neutral fuels. One further
environmental advantage is the production of a nitrogen-rich digestate alongside the biogas, which can
be used to recover soil fertility.

4. CONCLUSIONS

This feasibility study has verified that a trigeneration system powered by biogas from AD is able to meet
the demands of a medium-scale arable farm. From the wastes available on the farm — wheat straw, barley
straw and manure — enough energy can be extracted to meet heating and electricity demands throughout
the year. The cooling demand can be met by a 17.6 kW Robur absorption chiller, with cooling reinforced
by existing fans in particularly warm months. The use of fan cooling in one month reduces tariff payments
by £34.50, which is a relatively small percentage of what is earned.
The feasibility study has identified two configurations for the trigeneration system which would

allow the farm to be completely self-sufficient:

e System 1: An input of wheat straw generates 56.5 kW of electricity. An electric battery must be
incorporated for daily use. Heat energy from this system is 5703 MJ/day, while the maximum
demand is 6914 MJ/day, therefore the burner already installed at the farm will be utilised to meet
the deficit by burning biogas stored from previous months, ensuring that the project is still net-zero.

e System 2: An input of wheat straw, barley straw and manure generates 73.1 kW of electricity, along
with 8122 MJ/day of heat. In this case, all energy demands are met.

Some key figures from the analysis include:

e Overall efficiencies of 66.8% and 67.1% are achieved in the wheat straw system and the straw-
manure system, respectively.

e Considering income from non-domestic RHI and FIT schemes, payback periods of 9.4 and 11 years
are predicted, assuming an internally financed project.

e The annual CO; displacement achieved by replacing electricity and heat energy derived from fossil
fuels was calculated to be 42,764 kg and 43,956 kg.

Thus, this study has demonstrated that installing an AD trigeneration system on a medium-scale arable
farm to meet energy demand is a viable alternative to utilising fossil-fuel derived energy and can be
considered a potential avenue towards more sustainable farming practices.
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In terms of further work, constant technological advancements within the energy industry will
influence how attractive the investment is in the future. Batteries will likely become cheaper, as
production costs are predicted to decline in conjunction with rising demand, and DERs become
increasingly widespread. PCMs and chemical reaction-based thermal storage solutions may become
commercially viable for small-scale, long-term applications. Additionally, improved financial support
for projects focused on clean growth could reduce payback periods to much more attractive figures.
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