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Abstract

Economic profitability

This contribution presents an hourly-based optimization of a biogas supply network to generate electricity, heat and
organic fertilizer while considering multiple objectives and auction trading prices of electricity. The optimization model
is formulated as a mixed-integer linear programming (MILP) utilizing a four-layer biogas supply chain. The model
accounts for biogas plants based on two capacity levels of methane to produce on average 1+ 0.1 MW and 5+0.2
MW electricity. Three objectives are put forward: i) maximization of economic profit, ii) maximization of economic profit
while considering cost/benefits from greenhouse gas (GHG) emissions (economic
sustainability profit. The results show that the economic profit accrued on hourly-based auction trading prices is
negative (loss), hence, four additional scenarios are put forward: i) a scenario whereby carbon prices are steadily
increased to the prevalent eco-costs/eco-benefits of global warming; ii) a scenario whereby all the electricity auction
trading prices are multiplied by certain factors to find the profitability breakeven factor, iii) a scenario whereby shorter
time periods are applied, and investment cost of biogas storage is reduced showing a relationship between cost,
volume of biogas stored and the variations in electricity production and (iv) a scenario whereby the capacity of the
biogas plant is varied from 1T MW and 5 MW as it affects economics of the process. The models are applied to an
illustrative case study of agricultural biogas plants in Slovenia where a maximum of three biogas plants could be
selected. The results hence present the effects of the simultaneous relationship of economic profit, economic
profit and sustainability profit on the supply and its benefit to decision-making.
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Introduction

In December 2015, over 190 countries across the globe
acceded to employing activities and technologies that
minimize the effects of global climate change [1].
Among the technologies considered is to increase the
utilization of biomass-derived energy sources (also called
bioenergy). Furthermore, in Yue et al. [2], utilising bioe-
nergy has the potential to: bolster energy security in
economies not having fossil energy sources; mitigate the
effects of variable fossil energy prices and availability;
improve waste management concerning exploiting food
wastes to produce bioenergy thereby creating wealth. A
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more recent study in Hegnsholt et al. [3] shows that on
average 33% of total annual worldwide food production
(1.6:10° t/y) costing 1.2:10"* $/y goes to waste. This
massive loss of food is a subject of concern; it is un-
acceptable, and severely hampers the United Nations’
Sustainable Development Goals target to cut the food
loss and waste by 50% in 2030 [4].

Consequently, against this backdrop, some countries have
laid down policies to accelerate the increased integration of
bioenergy in their economy. For example, the national gov-
ernment of India in 2009 adopted a policy to produce about
14-10° t/y of biofuels to meet 20% blending of biofuels used
in the transportation fuels by the year 2020 [5]. It is note-
worthy that this policy only considers the use of non-edible
feedstock retrieved from lands unsuitable for agriculture to
prevent food versus fuel conflicts. In another case, the
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government of Ghana enacted a biofuels policy to substi-
tute petroleum fuels with 10% biofuels by 2020 and a fur-
ther increase to 20% biofuels incorporation by 2030 [6].
The Ghana government included additional policies di-
rected to exploiting energy from wastes such as municipal,
industrial and agricultural wastes [6]. India and Ghana are
generally described as developing countries but in other sit-
uations, developed countries have also instituted policies to
accelerate bioenergy exploitation. The USA, through the
Energy Independence and Security Act (EISA) of 2007, sets
an annual production target of 116.10°t/y of biofuels by
2022 [2]. Moreover, the EU in another case aims to substi-
tute 10% of the transportation fuel in all EU countries with
biofuels by 2020 [7]. Alternatively, it is interesting to note
that China places bold targets to harness biomass energy
from disparate sources implementable on five-year plans.
For example, its current policy (13th five-year spanning
2016-2020) indicates that on or before the year 2020, the
rate of utilization of energy derived from biomass should
exceed 58:10°t/y of standard coal while biogas employed
for cooking should reach 80-10°m?® and electricity gener-
ated from the same biogas should be at least 500 MWe [8].

With these policies in place, implementing them has
presented some challenges. In Hegnsholt [3], designing,
modelling and effecting robust supply chains is sug-
gested as a veritable tool required to bolster bioenergy
integration in any economy. In effect, all bioenergy pro-
duction supply chains consist of several actors (farmers/
waste collection and acquisition centres, production/
conversion facilities and different demand zones) which
are constantly interacting [9]. These actors are usually
present in different geographical locations which neces-
sitate producing bioenergy products in a timely fashion
to meet certain demands. A closer examination of these
actors shows the following:

i. Farmers/waste collection centres — Usually
contain feedstocks that are described as first-
generation (1G), second-generation (2G) and third-
generation (3G) [10]. The 1G feedstocks (starch-,
sugar- and oil-based) are edible foods which have
led to the rise in prices of food due to competition
in accessing limited resources (like land) to produce
bioenergy products [1]. Today, majority of bioe-
nergy investments are based on 1G feedstocks (such
as sugarcane, corn and palm oil) whereby most
commercialized bioenergy production technologies
also utilize the 1G feedstocks [11]. On the other
hand, 2G feedstocks are those which contain ligno-
cellulosic and waste materials (like manure, munici-
pal wastes, straw or even bagasse) and unlike the
1G feedstocks, these feedstocks are not edible. They
have enough potential to produce bioenergy while
simultaneously not affecting the cost and availability
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of food crops. However, the 3G feedstocks usually
referred to as algae, on average produce more en-
ergy per area than any other generation of feed-
stocks but today, 3G feedstock are only used on a
laboratory scale.

ii. Production/Conversion Technologies — There
are three groups of biomass conversion
technologies currently in use today and these are
thermo-chemical conversion (direct combustion, li-
quefaction, gasification, pyrolysis), physico-chemical
conversion (transesterification) and biochemical
conversion (anaerobic digestion, fermentation,
composting).

iii. Demand centres — These centres are usually the
locations whereby the bioenergy products are either
blended with conventional fossil fuels for onward
use or directly consumed.

As stated earlier, these bioenergy products must be de-
livered to meet certain demands in a timely fashion. The
demand constraints placed on bioenergy may be set on
economic, environmental and/or social objectives or
each of the individual objectives [2]. Hence, as a back-
drop of the above context, the following section intro-
duces some of the recent works carried out in the
modelling and optimization of bioenergy or biogas pro-
duction supply chains which is the focus of this work.

Review of literature on biogas/bioenergy supply
chain optimization

In recent years, there has been a considerable increase
in research on bioenergy supply chain optimization.
These studies have generally been geared towards indi-
vidually meeting economic, environmental, social ob-
jectives or a combination of the objectives on certain
timescales. For example, El-Halwagi et al. [12] simul-
taneously modelled the minimization of risk (as a
metric of the social objective) and total annual cost
(TAC) in the supply chain of biorefining system applied
to bio-hydrogen production. Zirngast et al. [13] pro-
posed four-step methodology for flexible supply net-
work synthesis under uncertainty applied to biogas
production where economic, eco- and viability profits
were maximized. Emara et al. [14] developed a MILP
model, using C#, MATLAB and Excel Solver, to
minimize the TAC in the supply chain of biofuel and
chemicals from waste cooking oil. Ivanov et al. [15]
researched the supply chain production of bioethanol
from 1G and 2G feedstocks whereby TAC and green-
house gas (GHG) emissions are minimized and the
number of jobs created maximized. The economic and
environmental optimization of biogas supply chain
(maximization of annual profit and GHG emission sav-
ings) has been performed using MILP optimization
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approach and applied for a region in Mexico by Diaz-
Trujillo et al. [16].

Several optimization studies have been carried out
over hourly, daily, monthly and yearly timeframes. For
instance, Egieya et al. [17] modelled a multi-month and
multi-year MILP model for bioelectricity supply chain
production in Slovenia. Mousavi Ahranjani et al. [18], in
a more recent study, developed a fuzzy programming
model for bioethanol supply chain network design over
a 10years’ planning horizon in Iran. Cucek et al. [19]
presented an optimally integrated supply chain network
to produce bioenergy from 1G, 2G, and 3G feedstocks
monthly using a MILP model. Besides, Egieya et al. [20],
in another study, employed a MILP model which pro-
poses hourly, daily, and monthly generation of bioelec-
tricity from biogas in Slovenia.

Some economic objective-based studies involve the
minimization of TAC [15], others emphasize maximizing
profit [21], while a few others maximized the net present
value (NPV) of a supply chain [22]. Concerning environ-
mental objectives, minimizing global warming potential, ex-
emplified by limiting GHG emissions, is receiving the most
attention [23]. Several supply chain optimization studies
performed optimization of economic-environmental parts
while social sustainability is less commonly addressed. It is
the least understood sustainability pillar, thus also called
“missing pillar” [24]. Social pillar is often qualitative by na-
ture and it is challenging to build a single metric for social
sustainability and to incorporate it into mathematical
models. Some work has been done recently, e.g. by You
et al. [25] who maximized the number of jobs created in a
bioenergy production supply chain, El-Halwagi et al. [12]
who modelled safety as a metric of the social objective and
Zore et al. [26] who optimized social profit from various
micro- and macroeconomic perspectives [27].

From the previous studies, it is found that only a
few researchers considered shorter time-periods, such
as hourly time periods, while the bulk of bioenergy
supply chain optimization studies have concentrated
on bioethanol and biodiesel production, with a limited
few on biogas supply chains. In this work, beyond
what has previously been done to the best of our
knowledge, two biogas plant capacities (on average of
about 1 MW and 5 MW capacity of electricity produc-
tion) are considered, and an optimization is per-
formed based on different economic and sustainability
objectives simultaneously accommodating hourly, daily
and monthly optimization basis and auction trading
prices of electricity. An additional input to this study
is the integration of biogas storage to enable simul-
taneous electricity production at higher prices with
biogas storage at low electricity prices. Moreover,
model size reduction techniques are implemented to
shorten the computational time of each model.
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Problem statement
A holistic supply network management comprising several
agricultural feedstocks (with different harvesting periods,
availability and prices), transport modes, conversion tech-
nologies, and products with various prices including
hourly-based electricity prices, was considered. Egieya
et al. [28] introduced the single objective function of eco-
nomic profit maximization which has been opined in sev-
eral quarters to be unsuitable for realistic complete
analysis and synthesis of bioenergy supply chains/net-
works. In this respect, for the optimal design of biogas
supply networks, other optimization criteria such as maxi-
mizing unburdening from GHG emissions (maximizing
the profit from GHG emission unburdening) and includ-
ing the sustainability profit maximization are therefore ad-
dressed, see Fig. 1.

Hence, the design problem entails the problem
statement given in Egieya et al. [28] and the following
additions:

e eco-costs [29] of feedstocks during harvesting and
collection;

e eco-benefits [30] of feedstocks use;

e eco-costs/eco-benefits of intermediate and final
products;

e eco-costs of transport modes;

e GHG emissions of feedstocks during harvesting and
collection;

e GHG emissions of intermediate and final products
generation;

e GHG emissions due to transport;

e avoided GHG emissions due to harmful feedstocks
use and substitution of products [30];

e social costs and profits [26].

The objectives of the upgraded model are to
maximize economic profit, maximize economic profit
while including costs and benefits due to released
and avoided GHG emissions in the biogas supply
network on the other hand, and to maximize the
sustainability profit. Four scenarios are performed to
improve the applicability of the biogas supply net-
work, such as:

e Increasing the price for GHG emissions from
approximately 20 €/t (as of 24 February 2019 [31])
or 26.6 $/t by using the conversion rate of 1.33 $/€
(as used in [17, 20, 28] to the value of eco-costs /
benefits of global warming which is 116 €/t [32] or
154.28 $/t (based on considered conversion);

e Multiplying the values of auction trading prices by
certain factors to obtain the prices where biogas
production becomes economically profitable. This
scenario could provide answers to how much
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Fig.
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1 Biogas supply network considering multiple objectives (modified from [28])
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subsidies may be needed to make the biogas
production plant profitable in a case where GHG
emission unburdening is not considered;
Shortening the length of the time period which will
enable higher differences in electricity prices.
Additionally, this scenario shows the relation
between the investment cost of biogas storage, the
volume of biogas stored and electricity production.
Varying the capacity of the biogas plant capacity
from 1 MW to 5 MW while observing its effects on
economic profits.

It follows that the variables to be optimized are:

quantity, geographical location and total acquisition
cost of feedstocks and/or raw materials;

cost incurred in the supply chain and types of
transport modes selected;

other supply network management costs
(depreciation, maintenance, operating, storage...);
primary and secondary conversion facilities location
and capacities;

the sustainability profits effect on the supply
network;

global warming (GHG emissions) effect on the
supply network;

impact of the solution on the profit maximization;
trade-offs when choosing different objectives;
subsidies required to obtain economic break-even
point for biogas production.

The general model (MILP problem) discussed in
Egieya et al. [28] is also applicable to this study which is

slightly extended to include new economic, environmen-
tal and social sustainability objectives.

Methodology

This work follows the concept put forward by Egieya
et al. [28] while considering the following additions and
extensions:

e The model is formulated on an hourly basis
(previously on monthly basis in Egieya et al. [28]),
where the year is divided into monthly (mp), daily
(dp) and hourly (/sp) time periods. Consequently, all
the equations which were based on monthly periods,
are now delineated to monthly, daily and hourly
periods. To implement this, certain model reduction
techniques are therefore introduced to reduce
computational time.

o Instead of subsidized prices of electricity (fixed),
hourly-based auction trading prices of electricity are
considered based on 2017 prices, ranging from -
42.93 to 199.00 €/ MWh (between —57.1 and 264.67
$/MWh) [33]. The highest electricity price was in
August, while the lowest price was in December
2017. The hourly-based electricity price variations
are illustrated in Figs. 2 and 3 for the months of
August and December 2017. All the data related
to electricity prices (in €/ MWh) as obtained from
BSP South Pool Energy Exchange [33] are
presented in Additional file 1: Tables S1-S12).
Furthermore, the average electricity prices (in
$/MWHh) for each of the considered period based
on model reduction techniques and implemented
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Fig. 2 Hourly-based electricity prices for August
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in the model are also given in the Additional file
1: Tables S13-S24).

Biogas storage is incorporated to account for
possible variations in electricity production, i.e. to
enable storing biogas instead of electricity
production at low electricity prices. However, in
such situations, heat is also not produced, and thus
a backup is required to generate heat from other
sources.

Instead of considering only one agricultural biogas
production plant as the optimal plant and with the
capacity of up to 999 kW, a maximum of three
biogas plants could be selected. Despite the
variations in electricity production, biogas
production should be constant with slight variations
allowed. Thus two scenarios are performed based on
the demand for methane, i) between 1.95.10° and
2.38.10° m®/y (average 0.9-1.1 MW of electricity
produced) and ii) between 9.76.10° and 11.93-10°
m®/y (average 4.8-5.2 MW of electricity produced).
Two additional objectives are considered besides an
economic one in the form of maximizing
sustainability profit [26] and the simultaneous
maximization of profit with the costs and the

benefits attributed to GHG burdening and
unburdening. Hence, the model is upgraded to
include environmental (GHG emissions) and
sustainability (eco-cost and benefit and social cost
and benefit) objectives.

Description of biogas supply network

The

biogas supply network utilized (see Fig. 4) consists

of four layers:

i)

First layer (L1): harvesting and collection. This
layer consists of a set pb of biomass feedstocks
(corn, wheat and triticale grains, straw, silage, and
grass silage) and different manure types (cattle, pig
and poultry manure, poultry bedding and poultry
slurry). For the feedstocks, characteristics such as
dry matter and methane contents and biogas yields
[34] are considered in the study.

Second layer (L2): primary processing technology
which is anaerobic digestion. In L2, the primary
conversion product pi (a combination of biomass
and waste feedstocks pb, recycled products poutpim
and purchased products pbuy) is generated. These
are later converted to intermediate products pm
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Fig. 4 Four-layer biogas supply network applied in this study (after [14, 28])

(biogas and wet digestate) or final products pd
using given conversion factors.

Third layer (L3): secondary conversion
technologies involve cogeneration (CHP) combining
heat and power production and physical dewatering
as in [28]. It should be noted that there are other
possible conversion technologies, such as biogas
upgrading to biomethane [35], ammonium sulfate
recovery from digestate [36] and several other,
however they have not been considered in this
study. The products pz (a sum of intermediate
products pm, recycled product poutpin, and
purchased products pbuy) are converted (using
conversion factors) to the desired products pp
(electricity, heat and dry digestate).

iv) Fourth layer (L4): demand locations.

iii)

The model considers three optional distribution modes
between the layers to convey feedstocks, intermediate and
final products, in the form of road, pipeline transport, and
transmission lines. Besides, the model allows heat and

electricity generated from the CHP and water from the
dewatering plants to be reused within the supply network.
For sustainable supply of all materials within the supply
network, four storage facilities are also modelled at the lo-
cations of biomass and waste collection centres and pri-
mary and secondary conversion facilities, where all
feedstocks and products could be stored. Additionally, it is
assumed that water, electricity, and heat are excluded from
storage and that the purchased materials should not be
stored. Note that from the previous work of Egieya et al.
[28] biogas could additionally be stored.

Similarly, as in Egieya et al. [28], certain characteristics
of biomass and waste feedstocks are considered, such as
different dry matter contents, methane contents and bio-
gas yields [34]. Also, other parameters as presented in
Egieya et al. [28] are considered, except instead of guar-
anteed purchase prices which are fixed, auction trading
prices which vary hourly are considered.

For more details on the biogas production supply net-
work methodology, the reader is referred to the paper by
Egieya et al. [28].
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Description of mathematical model

The mathematical model includes material and energy
balances, primary and secondary conversion constraints
and cost correlations. However, as the model now con-
siders hourly production, all the variables, and equations
which were based on monthly periods, are now based on
monthly, daily and hourly periods.

As the hourly-based model is computationally expen-
sive, certain model reduction techniques have been im-
plemented based on the work by Lam et al. [37] to
reduce computational time. Hence, instead of 24 h a day,
three “hourly periods” or shift periods (morning, after-
noon and night) are considered and are thereby defined
as H1 (7am - 2 pm), H2 (3 pm — 10 pm) and H3 (11 pm
— 6am). Furthermore, instead of 28—31 days a month,
seven “daily periods” are applied based on the days of
the week (Monday — Sunday) and are defined as D1:
{d1, dg, dys, do, doo}, D2: {dy, do, dre, dos, dso}, D3: {ds,
dvo, A7, Aoy ds1}, D4: {da, dyy, dag, dos), D5: {ds, dy, dyo,
dae}, D6: {ds, di3, doo, do7} and D7: {d7, dya, do, dag}, see
also Egieya et al. [20]. This is due to different electricity
consumption patterns of the weekdays and weekends.
All 12 months of a calendar year are on the other hand
fully considered in order to preserve the variability of
the model as much as practicable. Merging of time pe-
riods is done by defining the sets MPOM, DPOD and
HPOH which convert the maximal number of time pe-
riods (mpo, dpo and hpo) to merged time periods (mp,
dp and hp).

All the prices except electricity prices are considered
at merged hourly basis as shown in Eq. (1):

A P
pympo
mpoeMP (mpo,mp)eMPOM

Py mp.dphp = )
A | mpo |
ympochP (mpo,mp)eMPOM

VpePnpé{electricity}, mpcMP, dpcDP, hpcHP, (dp, mp)eDPM
(1)

where A stands for logical condition (dollar operator in
GAMS [38]).

As electricity prices are provided on hourly basis, they
are averaged in order to more properly account for their
variations. Averaging electricity prices is illustrated in
Eq. (2):

Pacacsmpaplp =
PO (i PO (o) DPOD, gy con | 040000

A dpo | - A hpo |
(dpo.dp)r’DP()D‘ ipo | Z (hpohp]éHl’OH‘ 7o |

(2)

The hourly-based variations in the model have been
introduced with the production rate of feedstocks pb at
the harvesting zone i, which is now defined based on
merged hourly periods /p, merged daily periods dp and

mpoeMPO dpoDPO hpoetipo "MPOMP)

A | mpo | - E
mpohtpo (Pomp)EMPOM dpoeDPO (dpo.mp)eDPM

Vmp<MPO, dpcDPO, hpcHPO
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monthly periods mp (PR;, b, mp, dp, np in kt/period), see
also Eq. (7) in Egieya et al. [28]:

A PR; ppsmp.dp.y
dpcDP hpchp (W mP)<DPM B
- HYi,pb,mp
: Ai:prVlPa ViEIaprPB7 mpGMP (3)

where HY; ,p, .. is the yield of feedstocks pb in month
period mp at harvesting zone i (in kt/(km*month)) and
A, pb, mp is the available area for growing biomass pb at
harvesting zone i in month period mp (in km?).

The equations for storages additionally consider “cir-
cular operations”. The equation for storage at the inlet
of primary conversion facilities is for example defined as
shown in Eq. (4), see also Eq. (9) in Egieya et al. [28].

A

. 12 _ .12
W pimp.dphp = Ailys i mp-1,dp—1,jip——17T

U
(mp) i k=1Mdp)gerc k=1A(py )i k=1

.12 . L2
Aty i mp dpip-1 Ailty; iy dp-1.ip——17F

U
(AP erc k>IN Py ) jege k=1

2 L2
Alnmpi.mpfl,dpffl.h 771+

U
(i) exc k>1

V)
(M) gexc k> 1A(dpy) g k=1A(hpy ) g k=1

L1,12,net L3,L2,net
Z Z F iom.pbmp.dpp T Z Z F nam.poutpim.mp.dphp
iel pbcPl neN poutpimePl

buy,L2 L2, T L1,L4,net
2 : Fmpbuy.mp.dp‘hpi z : Fm.pu‘mp‘dp.hpii : E : ijpn.mp,dp‘hp-‘r
pbiyePl (pi.t)ePITAtET je] pncPl

(Ain? + U Ain? +
pimp.dp hj pi,mp—-1,dp--1hp—-1
TEPHIPEPIE T () g K=INApy) e k=N g k=1 PR
Aint? + U Aint? +
‘m.pimp.dp,hp-1 (Ap)ger kLA o =1 ‘m.pimp.dp-1,hp—-1
. L2
Aty i mp-1.dp—-1.p—-1

V]
(hp)gerck>1

V)
(Mp1)geic k>INApL) g k=N p1) g h=1

212
U Ain,7 )/2-y,;
m.pi,mp-1.dp--1,hp--1 i,mp,dp.h)
(mpi) kexc k> IN@p) gege K=1ABPL ) gese k=1 P v pLmpapip

VmeM, piePIApi¢NOSTOR, mpeMP, dpeDP, hpeHP, (dp, mp)eDPM

(4)

In Eq. (4) Aint? represents the storage quantity

m.pi,mp,dp.hp
of material pi in each monthly mp, daily dp and hourly time
period /p at the location of primary conversion facility m,
Ainfnz’pi’mp__l, dp—1jp——1 refers to the quantity of material pi
in the storage tank at the beginning of January (first hour,
first day and first month) which equals the quantity of ma-
terial pi in the storage tank at the last hour of December
(last hour, last day, last month) of the previous year. Simi-
larly, Ainf,f’pi’mpﬁdp‘hpfl refers to quantity of material pi in
the storage tank for each month and day where the hour
should not be the first hour of the day, Ainy? ;. 40 11p-1
refers to the quantity of material pi in the storage tank for
each first hour of the day and if the day is not the first day
of the month and Ain}n%pi,mp_l_ dp—1hp—-1 refers to quantity
of material pi in the storage tank for each first hour in a
day and for each first day in a month of any given month

except January (first month).

Additional terms in Eq. (4) are: FlLinL;b";; dop
the net quantity of biomass and waste feedstocks pb shipped
to the primary conversion location 7 from the harvesting

location i in each considered time period (mp, dp, hp),
13,12, net
n,m.poutpim,mp.dp.hp

represents

is the net flow of “recycled” material in
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the supply network poutpim between the secondary n and
primary conversion location m, also for each considered
time period. Such products are electricity, heat and water, as

buy,L2 .
o, phuy.mp.dpp Stands for the quantity of

purchased resources pbuy to be used at L2 (primary conver-

sion) on the location of m in each of the considered time
12T
m.pi.t,mp.dp.hp

pi € (pb, poutpim, pbuy) from storage to technology ¢, € T at
primary conversion location m in each time period and
plila

m, j.pn,mp,dp,hp
pnC Pl to the demand location j. The last term of Eq. (4)
represents the losses of stored intermediate materials pi dur-
ing the storage. Similarly as in Egieya et al. [28], it is as-
sumed that the amount of stored intermediate products
(piePIApi¢ NOSTOR) available in any considered time
period mp, dp, hp is the average of two consecutive time pe-
riods. Parameter ,; ,u, dp, 1p represents the deterioration
rate in storage which is defined on monthly basis ¥,
and is then divided by the length of the daily and hourly
period (cardinality of sets DP and HP), as shown in Eq. (5):

shown in Fig. 4. F

period. F is the flow of intermediate product

quantifies the flow of unprocessed feedstocks

Wpimp

Y pimp dphp = Tdplhp | . VpeP, mpeMP, dpeDP, hpeHP, (dp, mp)eDPM

(5)

As it was stated above, all the potential biogas plants
could be selected. Since only slight variations in capacity
of anaerobic digesters are allowed, two scenarios are per-
formed based on the demand for methane, i) between
1.95-10° and 2.38-10° m®/y (average 0.9-1.1 MW of elec-
tricity produced) and ii) between 9.76-10° and 11.93-10°
m®/y (average 4.8-5.2 MW of electricity produced). The
capacities of methane between their upper and lower
bounds are shown in Eq. (6) for lower bound and in Eq.
(7) for upper bound.

L2.p 50.9. Demiecrricity mp.dp hp . ylr_nzy;;zl'y

m.pi.methane.AD,mp.dp.hp conv.T,L3

A
" i, h -PIPM ,(pi,AD)ePIT
picP] (Pimethane)e: (piAD)e S methane electricity.CHP

VmeM, mpeMP, dpeDP, hpeHP, (dp, mp)eDPM
(6)

Demeiectricitymp.dpip 12,7
conv,T L3 Ym.AD
f methane.electricity, CHP

L2,P

sm.pi.methane AD.mp.dpdip < 11+

A
152 (pimethane)<PIPM(pi,AD)<PIT
VYmeM, mpeMP, dpeDP, hpeHP, (dp, mp)eDPM

(7)

In Eq. (6) and Eq. (7) )t represents

m.pi,methane,AD,mp.dp,hp
the flowrate of methane produced from material pi using
anaerobic digestion AD technology at L2 within time pe-
riods mp, dp, hp. DeMeiecpricity, mp, dp, np Stands for the de-
mand for electricity in each considered time period (see
Eq‘ (8)) f i:t?;iilectricity,CHP
thane to electricity using technology CHP, and the binary

is conversion factor of me-

variable yfj;‘TD represents the selection of technology AD
at location m. If the binary variable equals 1, AD is

Page 8 of 23

selected at m™ location while the AD is not selected at
that location when the binary variable equals to 0.

| mpo | |dpo| |hpo|

Demeiectricity,mp.dpip = €aP * f fime |mp| |dp|
VmpeMP, dpeDP, hpeHP, (dp, mp)eDPM

(8)

where cap is capacity of electricity production (1 or 5
MW) and fi;,,,. is the fraction of time when biogas pro-
duction is operating and is defined as the number of op-
erating hours in a year divided by the total number of
hours in a calendar year. In this study, value of 0.935
(8192 h/y) is assumed for f;;,.. The part % . % . %
relate to the number of all periods divided by the total
number of considered periods.

Moreover, various new equations, data and variables
have been included in the model to account for the
two additional objectives included in this study com-
pared to the work of Egieya et al. [28]. These equa-
tions and variables related to the additional objectives
are hereby presented in the next section and the data
assumed are presented in Additional file 1. The data
related to GHG emissions are shown in Additional
file 1: Tables S25 — S27 and the data related to sus-
tainability profit maximization are given in Additional
file 1: Tables S28 — S31.

Objectives in the study

The goal is to synthesize an optimal biogas supply network
under different objective functions: (i) economic objective
defined with maximizing economic profit (similar to Egieya
et al. [20, 28], while excluding the tax on the profit ac-
crued); (i) economic and environmental objectives by
maximizing economic profit while including costs and ben-
efits due to GHG emissions (price for GHG emissions), and
iii) economic, environmental and social objectives by maxi-
mizing sustainability profit [26] which includes all three
sustainability objectives, economic, environmental and so-
cial (similar as in Bogataj et al. [39]). Further, four add-
itional scenarios are performed to improve the profitability
of the biogas supply network: i) price for GHG emissions is
increased from the price of carbon allowances in the
European Union Emissions Trading System (EU ETS) [40]
up to the value of eco-costs / benefits of global warming
[32], ii) the auction trading prices are increased by multiply-
ing them with various factors, as explained above iii) the
length of time period is decreased and the relation is ex-
plored between the price of biogas storage and capacity of
biogas storage and electricity production and (iv) increasing
the biogas plant capacity from 1 MW to 5 MW and observ-
ing its effects on economic profit.

| hp |’
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Economic objective

The economic objective is defined with maximizing eco-
nomic profit (P°"”) from the generation of electri-
city, heat and digestate within the biogas supply chain
network:

PEconomic _ RTaml_CTaml (9)

where R™* s total revenue accrued ($/y) and C™* is
total cost incurred in the supply chain ($/y).

The total revenue (R7°“) is calculated as shown in
Eq. (10):

Rl — 5% 3

=M T pdebD mpMP dyeDp hperp “PP)

220 >

neN je] ppePP mpeMP dpeDP hpeHP

IIDIDMDD

meM je] pnePN mpeMP dpeDP hpeHP

L.2.L4,net .P +
ppat Mo bdmp.dpip “‘pd . mp.dp hp
13,14, net
(dpmp)eDPM ~ "HIPPIPAphp Pop.mp.ap ot

L1,14,net

(dpmp)eDPM m,jpn.mp.dphp PI’"=V”I’~dI’-hI7

(10)
where Fﬁfﬁ;ﬁn ap.p TEPresents the net flowrate of direct
product pd (wet digestate) produced from anaerobic di-

gestion at site m and sold as a fertilizer in site j to
L3,L4,net

1, j,ppmp,dp,hp
stands for the net flow of produced products pp (electri-

city, heat and dewatered digestate) from the plant # to
L1,L4,net
m, j.pn,mp.dp,hp
undergo any treatment (pn) shipped directly to the de-
mand zone in site j. Ppg, yp. dp, hps Pop, mp, dp, hp A0 Py,
mp, dp, hp are prices of direct products (pd), produced
products (pp) and products that do not undergo treat-
ment (pn).

Total costs accrued (C*”“!) in the biogas supply chain
network are a sum of costs for feedstocks, purchase of

farmers at each considered time period, F

demand j. F represents materials that do not

additional materials needed in L2 and L3, shipment (T
CZ"”‘Z ), storage (SC,), labour (LC), depreciation (DCC),

maintenance (MC), and miscellaneous cost (MSC) as
displayed in Eq. (11):

¢ Total Z Z

iel  pbePB mpeMP dpeDP hpeHP

buy,L2
Z Z Z Z Z 2 m/)\EDPM E  puy.mp.dpp * Cobuymp
meM pbuyePBUY mpeMP dpeDP hpeHp \“P"P
buy,L3
n.pbuy,mp.dp.hp Cpbuy.mp+

A PR; po.ymp.dp.p * Cpbmpt
(dpmp)ppt”pbmpdpp * Cpbmp

WEN phiyePBUY mpeMP dyeDp hperip (Wmp)<DPM

STk + 3" SC, + LC + DCC + MC + MSC
peP peP

(11)

where, ¢, mp and Cppyy, mp are cost for feedstocks ac-
quired (pb) and purchased materials (pbuy). PR; ,pb, mp,
dp, hp is total quantity of feedstocks harvested at site i
and shi]gped to storage at Erimary conversion location,

hile F)™.2 nd Fb re quantities of
WILE L pbuymp,dp.np 3 n.pbuympdpip 31€ AUa €s o
additional raw materials purchased in L2 and L3 within
a given monthly, daily and hourly period.
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Economic and environmental objectives (economic*®"®

profit)

The second objective includes economic objective and
price for GHG emissions. The economic objective and
equations describing it in detail are shown above (Egs.
(9)—(11)). The environmental objective is defined as a
maximization of GHG unburdening and it is based
and extended from the work of Bogataj et al. [39].
Avoided and released GHG emissions (unburdening
and burdening) are multiplied by the price of GHG
emissions (also called carbon price [41]) and included
in the economic objective. Both burdening and unbur-
dening are considered, whereby burdening is related
to the negative impacts on the environment due to re-
source use, production and use of products, while
unburdening is due to the direct utilization of harmful
(waste) materials and due to substitution of environ-
mentally more harmful products with less harmful
ones [42].

The environmental objective follows the same
principle of evaluation as the eco-profit calculation
[30]. First, avoided and released GHG emissions are
calculated with units based on t CO, equivalent emit-
ted per t of raw material or product except for electri-
city and heat which are in t CO, equivalent emitted
per MWh. The Life Cycle Assessment (LCA) principle
is applied to the biogas supply network from the har-
vesting and collection zones to the demand zones.
GHG emissions include those emissions that originate
from the whole life cycle of product, from extraction
of raw materials, through pre-processing and process-
ing to disposal of harmful products, including emis-
sions due to transportation and distribution within the
supply network (similarly as in [30]).

Hence, the amounts of GHG emitted or preserved (see
Eq. (12)) is a measure of the difference between GHG
unburdening (GHG"®) as shown in Eq. (13) and GHG
burdening (GHG?) in the supply network, presented by
Eq. (14).

GHG = GHGY8_-GHG?
GHGP =3 "% > > > Foytvmamy o0+

meM teT mpeMP dpeDP hpeHP

12,14, net GHG,UB | ¢S
ZZ Z Z Z Fm/‘-nmndpw ‘p prr

meM je] mpeMP dpeDP hpeHP

L.3,L4,net GHG.UB S
Z Z Z Z Z prﬁ:’;,dp-hp S “fyp Wp={PB,PD,PP}
weN je] mpeMP dpeDP hpeHP

(12)

(13)

where, CSHG’UB is the GHG emission coefficient related

to unburdening or avoided GHG emissions (see Add-
itional file 1: Table S25) for material p and f; is substi-
tution factor defined as the amount of produced product
divided by the amount of substituted product [30]. GHG
emission coefficients have been obtained from the
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website of Delft University of Technology, The Model of
the Eco-costs / Value Ratio (EVR) [32] and checked with
OpenLCA software [43] using ecoinvent 3.1 database
[44] and the ecoinvent 3.1 Life Cycle Impact Assessment
(LCIA) method [45] IPCC 2007.

The following substitution factors are assumed in the
study: 0.9 for electricity, 0.04 for dry digestate and 0.029
for wet digestate [46].

GHG) =

D002 D D a0t

meM teT mpeMP dpeDP hpeHP

12,L4.net (GHG.B
Z Eo. Jpmpdpip p +
meM je] mpeMP dpeDP hpeHP

L3,L4.net (GHG.B
ZZ Z Z Z Fn/pmwrlhn P +
neN je] mpeMP dpeDP hpeHP

buy,L2 (GHG B buy,L3 GHG.B
Fospmpdpip * Sp + Fopmpapip* ST
pmp.dphp pomp.dpip

meM mpeMP dpeDP hpeHP neN mpeMP dpeDP hpeHP

La,Lb.tropt La,Lb GHG.B
L UDSEED DD DEND DD DI DIp i ANELrall ol b
xe{ILM.N} ye{MN,J} tropte{road} mpeMP dpeDP hpeHP

(AmLz + Ain2 (GHGE . 05,

+ Aout,, ppmp.dp. hﬁ) ?

a.pimp.dphp T Aouty? om,mpdphp . pz,mp.dp,hp
Vpe{PB, PN, PD, PP, POUTPIM, POUTPIN }

(14)
where GG refers to the GHG emission coefficient of
material p related to the released GHG emissions (bur-

dening) (see Additional file 1: Table S26), ﬁfpf is GHG
emission coefficient related to transport (see Additional
file 1: Table S27). In addition, it is worth stating that the
last section of the Eq. (14) illustrates the GHG emissions
occurring during storage of material p over the consid-
ered time periods. Hence, in the storage, it is assumed
that the burdening equals 5% of the burden of product
stored.
FLa.Lbﬁtropt
x.y.p,mp,dp,hp tropt
shows the quantity of materials p transported from the
location x in layer La to location y in layer Lb with
transportation mode fropt at the considered time period

mp, dp, hp, DL'°“Lb is the distance between object x in

layer La and obJect y in layer Lb, and Ain'?

m,pi,mp,dp,hp ’
L3
Aout m.pm.mp.dp.hp ’ Amn-pzﬁmp-dpvhp and Ao”tn pp,mp.dp.hp

stand for the quantity of pi stored in the inlet of L2, the
quantity of pm stored in the outlet of L2, the quantity of
pz stored in the inlet of L3 and for the quantity of pp
stored in the outlet of L3 in the assessed time periods.

It should be noted that for simplicity of this study, the
emissions given off during constructing the biogas pro-
duction plants and pipelines are omitted and as such,
the equipment are assumed to be used over the entire
lifetime of the plant. This assumption therefore suggests
relatively small contribution of GHG emissions during
construction over the plant’s lifetime.

The objective which considers economic and environ-
mental parts is defined as maximizing the economic
profit while including the multiplication of the released
and avoided GHG emissions with the prices of GHG

. . : +GHG
emissions, PEcoromic™>" .

Additional terms in Eq. (14) are:
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PEconomic+GHG

_ PEconomic + GHG .pGHG (15)

GHG stands for the prices of GHG emissions.

where p
Economic, environmental and social objectives
(sustainability profit)
The third objective considers economic, environmental
and social parts which implements the concept of Sus-
tainability profit (PS“™"eb) first proposed in Zore
et al. [26]. PS“stainability oombines economic, environmen-
tal and social indicators into monetary values ($/y).
pSustainability o tipulated mathematically (see Eq. (16))
as the sum of Economic profit (PF"", see Eq. (9)),
Eco-profit (P°, see Eq. (17)) and Social Profit (P5¢%,
see Eq. (20)):

PSustamabzlzty

PEconomtc PEco 4 PSocial

The eco-profit (P5°) [30] derives from the difference
between the sum of all the eco-benefits (EB) and the
eco-costs (EC) within the biogas supply network:

(16)

PE° — EB-EC (17)

Eco-benefit (EB) (see Eq. (18)) is described in monet-
ary terms ($/y) as the sum of all positive impacts of ac-
tivities/materials which unburden the environment while
the eco-cost (EC) (see Eq. (19)) shows the sum of all
negative impacts of activities/materials which burden the
environment [30].

EBp=D 3 > D > e Gt

meM teT mpeMP dpeDP hpeHP

D00 > > Elan S Syt

meM  je] mpeMP dpeDP hpeHP

D0 > D > Bl fy p{PB.PD.PP)

neN  je] mpeMP dpeDP hpeHP

(18)

where ¢® is the eco-benefit coefficient (see Additional
file 1: Table S28) of material or energy p ($/kg, $/kWh).
It is worth stating that Eq. (18) is formulated in a similar
way as Eq. (13) but considers eco-benefit coefficients in-
stead of GHG emission coefficients related to avoided
GHG emissions. The same substitution factors are as-
sumed as previously mentioned in the case of avoided
GHG emissions due to substitution of products.

ECF:ZZ Z Z Z Ft}ﬁﬁﬂlpw CFC+

meM teT mpeMP dpeDP hpeHP

DIDBDDED DI DR sy A

meM je] mpeMP dpeDP hpeHP

DI IPIPI

neN je] mpeMP dpeDP hpeHP

buy L2 C;c + Z

F o pmpdpto
meM mpeMP dpeDP hp<HP neN mpeMP dpeDP hpeHP

La,Lb,tropt La,Lb
2 Z Z Z Z Z Z Eeypmpdpap Dsy cilww +
xe{LM.N} ye{M.N.J} tropte{road} mpeMP dpeDP hpeHP

buy L3 C
Fn.p.mp.dp.tp . Cﬁ +

.12
Ammw-m».dp hp + Anutm pm,mp.dp.hp + Amn pz.mp.dp.hp

Vpe{PB, PN, PD, PP, POUTPIM, POUTPIN }

- c5€.0.05,

+ Aoutn pp.mp.dp. hp) P

(19)
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whereby cgc is the eco-cost coefficient for p ($/kg) (see

Additional file 1: Table 529) and Cﬁ,fmpt

ficient related to transport of material or energy p
($/(kg-km), $/(kWhkm)) (see Additional file 1: Table
S30). More details on calculation of eco-profit could be

found in Cucek et al. [30].
Eco-cost and eco-benefit coefficients have also been

obtained from the website <ecocostvalue.com> [32]
and checked with OpenLCA software [43], similarly as
for GHG emission coefficients. Eco-costs express the
amount of environmental burden a product causes
based on prevention of that burden which tends to re-
duce the environmental pollution and materials deple-
tion to a level which is in line with the Earth’s
carrying capacity [47]. Eco-costs consider environ-
mental burden of global warming, acidification, eu-
trophication, summer smog, fine dust, eco-toxicity,
and the use of metals, rare earth, fossil fuels, water
and land [32]. Eco-benefits on the other hand repre-
sent the avoided cost due to avoided pollution [48]
and thus more sustainable solutions are obtained as it

is eco-cost coef-

is current practice, i.e. the solutions which represent
the progress toward sustainable development [48].

The concept of Social Profit (P*““!) first pro-
pounded in Zore et al. [26] is defined as the summa-
tion of paid Social Security (SS) contributions and
the benefits related to creation of new jobs (B/°%)
subtracting the social cost (c5°°™!) (see Eq. (20)). The
Social Security (SS) contributions paid is a difference

Gross Net
between average gross (S;,,, Stmp

) and net salaries (
in a given production sector per month using a
given technology ¢ multiplied by the number of new
jobs (N{f’,f’q;) created. In addition, the benefits of the
new jobs created (B/°%%) are the product of the aver-
age state/country social transfer for unemployed

people (c;lgNE) and N{f’,ﬁ;.

Social

Social costs (c ) are de-
scribed as the level of social support made by the
state/country and organization to the employee(s),
and in this respect is the product of number of new
jobs created (N{f’,i’q;) and sum of average state/coun-
try social transfer (c‘,hi"”””y) and organization social
charge (c;/"s*°") per employee. Additionally, the
social costs within an organization refer to activities
set aside to improve the social status of employees
and the community as an extension. Such activities
may include team building exercises, paid vacation,
free accommodation within the organization’s prem-
ises and others [26]. State/country social assistance
on the other hand refers to such activities as im-
proved health insurance, child allowance, scholar-
ships and others. Hence, the general relation for the
social profit is as given in Eq. (20):
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pSacial —SS +310b3,6306iﬂ1 —
Z ZN{Dybnsp [(StGrr:;s_Si\lyeyfp) +Cs,;,gNE_ (C;‘iuuntry + Csrk(zrganisatio;'I)]

mpeMP teT

(20)

The number of new jobs created is given by Eq. (21)
where, LC is labour cost.

Jobs __ LC

tymp

Vit,eT, mpeMP (21)

| mp | S’

The parameters used to calculate social profit are
taken from Zore et al. [26, 48] and are shown in Add-
itional file 1: Table S31. For better understanding of
mathematical model, a nomenclature of the notation
used in Egs. (1)-(21) can be found in Part B in Add-

itional file 1.

Case study

The model is implemented in a hypothetical case study
considering three zones and three potential biogas sup-
ply networks in Slovenia (see Fig. 5), as in Egieya et al.
[20, 28]. Three locations each are put forward for the
harvesting and collection sites, primary conversion, sec-
ondary conversion and demand, and the supply net-
works characteristics are as shown in Fig. 4. The same
parameters as in Egieya et al. [28] are considered
whereby the total area for each harvesting site is 250
km?, while 50% (Sites I and II) and 37% (Site III) of the
total area is available for growing crops. It is assumed
that the primary conversion facilities include anaerobic
digesters and the secondary conversion facilities include
CHP and belt press dewatering. For more details regard-
ing the case study and the assumptions, the reader is re-
ferred to Egieya et al. [28].

Moreover, differently to Egieya et al. [28], a max-
imum of three biogas plants (at Sites I-III) could now
be selected, and two biogas plant capacities are con-
sidered (of about 1+0.1 MW and 5+ 0.2 MW average
capacity of electricity production). Furthermore, in-
stead of using subsidized prices of electricity, hourly-
based auction trading prices (in €/ MWh) of electricity
are utilized based on the data retrieved from BSP
South Pool Energy Exchange [33] (see Additional file
1: Tables S1-S12). Due to computational expenses in
solving the models for each hour in a year, the days
in each month are merged into days of the week
(Monday, Tuesday, ..., Sunday) and the hours in each
day are merged into 3 periods (morning, 7am — 2
pm, afternoon, 3—-10 pm, and night, 11 pm — 6am) as
discussed previously. The stipulated electricity prices
($/kWh), in each period of a year, are presented in
Additional file 1: Tables S13 — S24 where the conver-
sion rate of 1.33 $/€ is used (based on the works by
Egieya et al. [17, 20, 28].
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The optimizations were performed for two capacities of
methane production and three different objectives (maxi-
mizing economic, economic*“"S and sustainability profits)
while considering hourly, daily and monthly time periods.
To determine the Economic*“¢ profit (see Eq. (15)), three
new equations (see Eq. (12) — Eq. (14)) and the data as
shown in Additional file 1: Tables S25 — S27 have been
incorporated in the model. Concerning optimizing the Sus-
tainability profit (see Eq. (16)) of the biogas supply network,
five new equations (see Eq. (17) — Eq. (21) and the data pre-
sented in Additional file 1: Tables S28 — S31 has been used
in the model.

Since the prices of electricity vary hourly while
showing significant differences in prices, additional
biogas storage is thereby introduced as opposed to
the work of Egieya et al. [28] which excluded the use
of biogas storage. The biogas storage facility suggests
an increase in the storage of biogas during periods of
low electricity prices while enhancing more electricity
production at periods whereby the electricity prices
are higher. The capital cost of the biogas storage is
thus included, and its relationship with capacity is
shown in Additional file 1: Figure S1.

However, like in Egieya et al. [28], agricultural res-
idues could be used as potential feedstocks for bio-
gas production while all the parameters related to
grains (except the agricultural area) are now set to
zZero.

The upgraded models, also called BIOSOM models
[28] containing 12 monthly, 7 daily and 3 hourly time
periods comprise 327,042 single equations, 516,641 con-
tinuous variables, and 684 binary variables. The models
formulated as MILP are solved using GAMS modelling
environment and GUROBI solver with 0% optimality
gap on Intel®° Core™ i7-8750 H CPU at 2.20 GHz

processor with 8 GB installed RAM. The average time
for completion of each model is about 31 min within
532,726 iterations.

+GHG and

Maximization of economic, economic
sustainability profits

Firstly, the models are optimized on the different objectives,
maximization of economic, economic*“"'“ and sustainabil-
ity profits. As stated earlier, two capacity levels with speci-
fied demand for methane are considered: i) production of
methane between 1.95 x 10° and 2.38 x 10°m?®/y (average
0.9-1.1 MW of electricity produced), and ii) production of
methane between 9.76 x 10° and 11.93 x 10° m®/y (average
4.8-52 MW of electricity produced). Table 1 shows the
main results from the smaller capacity level and Table 2
shows results from the larger capacity level.

Considering the auction trading prices (averaged for 3
periods a day for all days in the week of each month in a
year), economic losses are accrued in the objective sce-
narios as shown in Table 1. Furthermore, maximizing
sustainability profit presents eco-profit values (2,802,824
$/y) about 8.7 times more than that accrued when the
economic*“MS profit is maximized (321,269 $/y) but an
eco-profit loss is incurred when the economic profit is
maximized. Moreover, the economic*“"S profit is nega-
tive in all scenarios while the social profit obtained dur-
ing the maximization of sustainability (230,344 $/t) is 3
times the social profit value obtained in other scenarios
(77,456 $/y) mainly due to three biogas plants and three
times the number of employees required.

Alternatively, the total feedstock used to meet the sus-
tainable production of electricity when sustainability profit
is maximized (85,200.3 t/y) is about four times the feed-
stocks used when economic and economic*“"S profit is
each maximized (21,948.6t/y). It is worth stating that
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Table 1 Main results when maximizing different profits for biogas supply network with smaller capacity (1 +0.1 MW in average

electricity production)

May pFconomic Max PEwnom/c*G"‘G Max poustainability b

Feedstock (t/y)

Corn grain 7488 7488 11,820

Corn silage / / 14,354

Corn stover 5105 5105 8059

Poultry bedding 9355 9355 /

Poultry manure 2236 2236 25,505

Poultry slurry / / 25,463
Total feedstock 21,949 21,949 85,200
Products

Electricity (MWh/y) 8386 8368 23,968

Heat (MWh/y) 5955 5955 17,378

Digestate (23% dry solids, t/y) 13,353 13,399 48,749

Corn grain (direct product) 7239 7239 11,424
Water (t/y)

Purchased 3230 3230 213

Recycled 11,503 11,503 46,438
Utilities required (MWh/Yy)

Electricity “recycled” 531 548 2092

Electricity purchased 185 168 /

Heat “recycled” 1700 1700 4968

Heat source purchased / / /
Sustainability item ($/y)

Economic profit — 548,346 —548,452 —2,323,475

Eco-profit - 113,681 321,269 2,802,824

Social profit 77456 77456 230,344

Sustainability profit — 584,572 — 149,728 709,692

Economic ™M profit —500,291 — 498,191 —2,157,453
CO, eq. emissions (t/y)? — 1807 — 1890 — 6241

Selected Site | | |11, 10

Dry matter content (%) 13 13 12.06]11.97|11.91

Methane content (%) 56.18 56.18 55.87|56.36/56.92

“avoided GHG emissions

P if not specified for each biogas supply network separated, results present the sum from both networks

poultry bedding (9355.3t/y) is the dominant feedstock
exploited in the maximized economic and economic* "
profits scenarios while poultry manure and poultry slurry
both with an average quantity of 25,500 t/y are the domin-
ant feedstocks used in the maximized sustainability profit
situation.

In the same manner, the electricity generated in the
maximized sustainability case (23,967.7 MWh/y) is about
3 times that produced in the maximized economic and
economic*“HS profits cases (8368.4 MWh/y). Further-
more, the dry digestate produced in the maximized P*"
tainability s enario (48,748.7 t/y) is 3.63 times the quantity

. . . . H .
obtainable in the economic and economic*“"S profits

situations (13,398.5 t/y). Similarly, the heat generated in
the maximized economic and economic*“H® profit cases
are each about 34% (5954.8 MWh/y) the amount gener-
ated when the sustainability profit is maximized (17,
377.6 MWhy).

Considering the emissions given off or avoided, all
economic, economic*®"S and sustainability profit ob-
jective cases present positive (unburdening) effects on
the supply chain and are between 1807t CO, eq./y for
the economic objective case, and 6241t CO, eq./y in the
case of maximal sustainability profit. On the other hand,



Egieya et al. BMC Chemical Engineering (2020) 2:3

Page 14 of 23

Table 2 Main results when maximizing different profits for biogas supply network with larger capacity

Max PEconom/c

Max /;)Econom/‘c*(’“G Mayx poustainability b

Feedstock (t/y)

Corn grain 18,838

Corn silage /

Corn stover 12,844

Grass silage 11,080

Poultry bedding 4808

Poultry manure 49,895

Poultry slurry /
Total feedstock 97,464
Products

Electricity (MWh/y) 34,730

Heat (MWh/y) 24,662

Digestate (23% dry solids, t/y) 76,493

Corn grain (direct product) 18,206
Water (t/y)

Purchased 26,902

Recycled 71,981
Utilities required (MWh/y)

Electricity “recycled” 2197

Electricity purchased 767

Heat “recycled” 7039

Heat source purchased /
Sustainability items (5/y)

Economic profit — 659,523

Eco-profit — 993,356

Social Profit 147,697

Sustainability profit —-1,505,181

Economic M profit — 454,124
CO, eq. emissions (t/y)? -7721

Selected Site I

Dry matter content (%) 12.54

Methane content (%) 5755

18,838 18,251

/ 1200

12,844 12,444

11,244 55,158

5635 1026

49,656 125313

/ 32413

98,216 245,804

34,925 43,376 | 43437
24,849 51,366 | 51,439
77,106 90,468 | 91,332
18,206 17,639

26,892 63,624

75,306 738,432

2283 6968

703 /

7093 16,549

/ /

- 660,736 —3,675,154
1,608,143 6,302,895
148,441 334,676
1,095,848 2,962,417
—441,056 —3,214,145
—8259 -17,331

I [l

12.32 590|593
57.53 55.85 | 55.93

®avoided GHG emissions

® if not specified for each biogas supply network separated, results present the sum from both networks

Site I is the optimal location for the construction and
operation of the anaerobic digestion plants, dewatering
plants and CHP in the economic and economic*“"¢
profits scenarios while all three locations are selected in
the sustainability profit case.

Additionally, it could be seen from Table 1 that a 13%
dry matter content is obtained in the economic and eco-
nomic*“"¢ profits scenario while an average dry matter
content of 11.98% is gotten when the sustainability profit
objective is considered. Moreover, a 56.18% methane con-
tent is accrued in the economic and economic* " profits
objective while an average of 56.38% methane content is

obtained in the three anaerobic digestion plants selected
in the sustainability profit objective scenario.

It is worth noting that the model in all scenarios, opti-
mally selects the transportation mode that supports the
three objectives. From L1 to L2, road transport by truck
is selected. From L2 to L3, both biogas and wet diges-
tates produced are shipped using pipelines. From L3 to
L4, dry digestate is transported using trucks while elec-
tricity and heat are transported through transmission
lines and pipelines. Recycling of water from dewatering
plants and heat from L3 to L2 occurs via pipelines, and
electricity through transmission lines.
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Fig. 6 Breakdown of costs incurred in the three objectives
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A breakdown of the costs incurred in the three ob-
jectives (see Fig. 6) shows the dominance of depreci-
ation cost in the three scenarios. The depreciation
cost accounts for a little over a third of the total
cost incurred in the three supply chains. Investment
cost in the maximum economic and economic*“"¢
profit cases consists of the cost for anaerobic di-
gester (3.14x 10° $), CHP (1.40 x 10° $) and dewa-
tering (0.23x 10° $) while biogas holder is not
selected. In case of maximal sustainability profit bio-
gas holder is also not selected, while the cost for
three anaerobic digesters is 9.25x 10° $, for CHP
plants it’s 4.19-10° $ and dewatering is 0.81-10° $.

Furthermore, it is seen from Fig. 6 that the cost of
obtaining extra materials (i.e. purchased materials)
contributed a small portion to the total supply net-
work expenditure. Purchased materials in the maximal
economic and economic*“"S cases are only water
and electricity used in anaerobic digesters, while in
maximal sustainability case only water is purchased,
and this indicates that electricity needed is recycled
in the supply network (see also Table 1). One of the
reasons for the low purchased material costs is the
relatively low price of water and the pre-condition

that water may be reused in the supply network. On
the other hand, while all cost values in the sustain-
ability profit objective are substantially higher than
the other two objectives, the purchased material cost
of the sustainability profit objective is the only cost
attribute lower than those of the other two objectives.
The reason for the low value of the purchased mater-
ial cost in the sustainability profit objective is because
only water is purchased in comparison to the water
and electricity purchased in the economic and eco-
nomic*“"S profits objectives.

A small portion of total expenditure is also due to
additional cost in the supply network when the feed-
stocks are partly transported between the zones. In
this situation and for the three cases, corn stover is
suggested to be transported between the zones. For
instance, in the case of maximal economic and eco-
nomic*“HS profits corn stover is partly transported
from zone II to zone I as seen in Fig. 7 which illus-
trates the areas intended for agricultural feedstocks
when maximizing different objectives. It should also
be noted that from the total area (250 km?) a max-
imum of 5% of the actual area (50% in zones I and II
and 37% in zone III) are set aside for feedstocks
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N
o

Unused

Unused

Corn grain Corn grain

Economic profit Economic profit

Fig. 7 Use of area for agricultural feedstocks in biogas production considering smaller capacity
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growing to meet the biogas generation, as previously
stated. Hence, in the cases of maximal economic and
economic*“MS profits about 63.7% of the area is still
unused, while in case of maximal sustainability profit,
all the available area is suggested to be used for
growing corn grain (and stover) and silage. Corn sto-
ver is used as a feedstock for biogas production, while
grains are used for food.

In all the results obtained as shown in Table 1, biogas
storage is not selected, and the electricity was produced
at constant capacity. The main reasons are the relatively
high investment cost of biogas holders (base case invest-
ment cost of 701,600 $ and base case capacity of 3000
m® of biogas stored is considered), higher investment
cost for CHP plant in the case of higher capacity and
backup for heat consumed in the anaerobic digestors are
required.

Table 2 further illustrates the results obtained when
maximizing different profits in the situation whereby the
average capacity of electricity production is within the
range of 4.8 MW and 5.2 MW.

In a similar vein as the 1 MW demand capacity sce-
nario (see Table 1), the total feedstocks in the economic
and economic™®™¢ profit objectives each exploit ap-
proximately the same quantity of feedstocks (98,000 t/y)
which is about 40% of the quantity of feedstocks utilized
in the sustainability profit case (245,804 t/y).

The Site I is the optimally selected location for an-
aerobic digestion plants, dewatering plants and CHP
for the economic and economic™®HS profits objec-
tives while Sites I and III are now chosen to meet
maximal sustainability profit objective. Besides the
selection of corn stover and silage as agricultural
feedstocks, grass silage is also selected because it
may be grown on marginal lands (in parks, river-
banks, road verges, and other lands). For grass silage,
it is assumed that it could be grown on up to 50%
of area present in zones I and II and on up to 37%
of the area in zone III. The use of area intended for
agricultural feedstocks in biogas supply network for
the case of larger capacity and three objectives is
shown in Fig. 8. The unused area in Fig. 8 is attrib-
uted to the area that may be additionally used for
grass silage growing while the area that may be used
for crops is fully utilised by corn grains and silage.

As in the case of smaller capacity biogas produc-
tion, most of the water used for anaerobic digesters
come from a recycled stream. For instance, in the
case of maximal sustainability profit, the quantity of
recycled water is 738,431.7 t/y, mainly due to lower
dry matter content (5.9%) in fermenters as opposed
to approximately 12% dry matter content in the case
of the smaller plant’s capacity. Most of the electricity
used for the plant comes from “recycled” produced
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Fig. 9 Digestate storage when maximizing economic profit at higher biogas capacity level
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electricity of which the maximal sustainability profit
case indicates all the electricity utilized being of re-
newable origin. Also, the heat required for the di-
gesters is “recycled” in all the cases considered.

Furthermore, from Table 2, it is noticed that in
the three cases, economic and economic*®"S profits
present negative values while on the other hand, so-
cial profits are positive in all the cases. The eco- and
sustainability profits are negative when economic
profit is maximized but gives positive values in the
cases of maximal economic*®"S and sustainability
profits. In the maximal economic profit scenario, it
is suggested that much more digestate is stored in
comparison to the digestate stored when econom-
ic*SMS profit is maximized (see Figs. 9 and 10), and
thus the burden related to the digestate storage is
higher in the case of maximal economic profit
(3.719-10° $/y vs 1.732:10° $/y). Figure 9 hence
shows digestate storage when economic profit is
maximized, while Fig. 10 shows digestate storage
when economic*"¢ profit is maximized, both at the
higher capacity of biogas supply networks. However,
in the case of maximal sustainability profit, digestate
storage is comparably lower (see Fig. 11), since two
plants are selected.

Sensitivity analysis for improved profitability of biogas
production

Since the results from all economic, economic
and sustainability profits present economic loss (see
Tables 1 and 2), sensitivity analysis is additionally
carried out to investigate possible improvements re-
garding the profitability of biogas production. Four
additional scenarios are hereby put forward: i) the
scenario whereby in calculating the economic*¢H@
profit, the prices of GHG emissions are steadily in-
creased from 26.6 $/t (or 20 €/t) (allowances in EU
ETS [40]) up to 154.28 $/t (or 116 €/t) (eco-costs of
global warming [32]), ii) the scenario whereby all the
electricity auction trading prices are simultaneously
multiplied by certain factors to know how much
subsidies should be included on top of market prices
of electricity to make it profitable, iii) the scenario
whereby for a selected month where only the hours
are merged into 3 shift periods the cost of biogas
storage is reduced in order to study the relationship
between the biogas storage cost and biogas storage
capacity and electricity production based on averaged
auction trading prices of electricity, and (iv) the sce-
nario in which biogas plant capacity is varied from
1MW to 5MW to study how capacity affects the
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economic profit (loss). In a situation of the relatively
high cost of biogas storage, biogas storage was never
selected, and the electricity was always produced at
constant capacity.

Maximizing economic*"®
GHG emissions

Figure 12 illustrates the effects of steadily increasing
the GHG emissions prices on the economic*®HS
profit (see Eq. (15)) when the average capacity of 1
MW of electricity production is considered. At 20
€/t GHG emission price (26.6 $/t with the consid-
ered conversion rate), economic*“"® profit of
approximately — 498,191 $/y (see also Table 1) is ob-
tained (economic loss). With a steady increase of
GHG emissions price, it is seen that a breakeven
value is obtained at about 133 $/t. Furthermore, a
hike of the GHG emissions price above 100 €/t
presents positive effects on the economic*“"¢ profit
(economic profit including benefits from avoided
GHG emissions). From this, it could be concluded
that biogas production could be competitive at auc-
tion trading prices when the benefits of GHG unbur-
dening would be recognised and when the price of
GHG emissions would be higher than 100 €/t CO,

eq.

profit while increasing prices of

Maximizing economic profit while increasing auction
trading prices of electricity

In this section, the effects of increasing the auction
trading prices of electricity as it affects the maxi-
mized economic profit are put forward. It might not
be expected that the activities which have net unbur-
dening effects on the environment would get benefits
from it. Due to this, the auction trading prices are
multiplied by a certain factor, which could be inter-
preted as how much subsidies may be required for
the electricity generation from biogas to be profit-
able. Figure 13 shows that an increase in auction
trading prices of electricity causes an increase in

economic profit (lower biogas capacity level). For in-
stance, in the base case scenario where there is no
change in auction trading price, a negative economic
profit (approximately of 548,346 $/y economic loss)
is incurred as shown in Table 1. In the instance,
when the auction trading price is doubled, a break-
even value is obtained in the biogas supply network.
Moreover, an increase beyond the doubled auction
trading price presents positive economic profit
values. As a backdrop of this, it could be concluded
that for the biogas supply network to be profitable,
either subsidy in the amount of auction trading
prices should be provided or the carbon benefit
should be at least 133 $/t.

Influence of shorter period and the investment cost of
biogas storage on electricity production
As shown in Additional file 1: Tables S13-S23, aver-
aging electricity prices based on 7 periods a month
alleviates the variability of electricity prices. For this
reason, an additional scenario is performed whereby
for a selected month, each day in the month is con-
sidered while the hours are merged into 3 shift pe-
riods. Such a scenario is performed for the average
capacity of 1+0.1 MW of electricity produced and by
maximizing the economic profit where only one plant
at Site I is selected. In this scenario, the variations in
electricity prices are slightly better highlighted, as can
be seen from Fig. 14 which shows an example of
electricity prices for the three periods considered in
each day for the month of January (based on the data
from BSP South Pool Energy Exchange (2008) and
considered conversion rate). In this sense, January is
considered as an illustration. It should be noted that
this scenario is performed for the specific month sep-
arately and yearly due to the computational time re-
quired to solve such a problem.

From Fig. 14, the prices in January are on average the
highest within the afternoon/evening period (3 pm - 10
pm), and lowest during the night period (11 pm — 6 am).
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On average the prices in the afternoon/evening are 1.71
times higher than that of the night period and in the
morning 1.49 times higher than during the night. Note
that in Fig. 14, 1.1, 2.1, 3.1, represent day 1 in January,
day 2 in January, day 3 in January, etc.

However, despite the relatively significant differences
in the prices, again biogas storage was not selected, and
the electricity was produced at constant capacity. As it
was stated previously, the main reason is the high invest-
ment cost of biogas holders, but also higher investment
cost incurred in acquiring the CHP plant and a backup
is required for the heat consumed by the plant itself.

To study the relationship between the volume of bio-
gas stored and electricity production, investment cost
for biogas storage was thus reduced. It was found that
the biogas storage is selected when the base case price
(with a considered base case capacity of 3000 m® of bio-
gas stored) is reduced from investment cost of 701,600 $
to 300,000 $ or lower (see also Additional file 1: Figure
S1). Figure 15, which is for the month of January, shows
how a reduction in the investment costs of the biogas
storage facility affects the daily storage of biogas. Hence,
a reduction of investment cost for the biogas holder pre-
sents maximum daily period storage of 3154 m> occur-
ring during the night period (11pm - 6am). The
storage pattern follows the electricity prices in that in
the night period when electricity prices are low, the
amount of biogas stored is the highest, and when electri-
city prices are higher (in the afternoon period), almost

no biogas is stored. On the other hand, the prices in the
morning are “in-between”, and thus also the amounts of
stored biogas are “in-between” the afternoon and night
periods.

Figure 16 shows electricity production in the month of
January, where the electricity is produced in the after-
noons/evenings at the highest capacity levels (9.54 MW),
while in the morning hours electricity produced fluctuates
between 9.6 MW and 2.8 MW. On the other hand, apart
from 6 days (14, 29, 21, 27, 28 and 31) in January, little or
no electricity is produced. It is worth stating that the aver-
age daily electricity generated in January is 19.6 MWh/day
(accounting for 93.5% of operating time and between
1.95x 10° and 2.38 x 10° m®/y of methane produced), of
which 48.5% on average is produced in the 3 pm — 10 pm
period (9.51 MWh/day), 42.2% in the 7 am — 2 pm period
(8.32 MWh/day) and only 9.1% during the night period
(1.78 MWh/day). Some variations from the “typical” trend
could be seen during the days 1, 14—15, 20-22, 27-28 and
31, when electricity production is either lower (morning
hours) or greater (night hours). This scenario occurs
mainly in the days when biogas is not stored (days 14, 20,
21, 27, 31), as shown also from Fig. 15.

Similarly, Figs. 17 and 18 show the biogas storage and
electricity production profiles for the month of December
which is the month whereby the electricity prices also
have negative values in some hours.

Figure 17 displays the maximum daily period stor-
age as 2877m° which occurs during the night
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period (11 pm — 6am), and on certain days in the
other two periods. Figure 18 also illustrates that
electricity is mostly produced during the day periods.
However, significant “disturbances” in the patterns
could be seen in the days between 6 and 10 Decem-
ber and 23-26 December. During these days, electri-
city prices are either the highest or the lowest, as
shown in Fig. 3.

Considering the scenario where investment cost is
further reduced, more significant differences in bio-
gas storage and electricity production patterns are
obtained and higher amounts of biogas are to be
stored. For example, if the base case cost of biogas
holder is reduced to 2000 $, the model solution
shows that 3430 m® of biogas is maximally stored in
January, while still the same amount (2877 m®)
stored in December. With the decrease of the invest-
ment cost for biogas storage, more biogas is indi-
cated to be stored.

Variation of biogas plant capacity with economic profit
(loss)
This scenario considers a situation whereby the biogas
plant capacity is varied from 1 MW to 5 MW with incre-
ments of 500 kW as illustrated in Fig. 19.

From Tables 1 and 2, it is noted that at 1 MW cap-
acity of the biogas plant an economic loss of about 550,
000 $/y is incurred in the supply chain which is 13%

less than that incurred in the 5 MW biogas plant cap-
acity. However, considering Fig. 19, it is evident that
when biogas capacity is 3 MW, the lowest economic
loss (349,825 $/y) is accrued in the supply chain. The
value of economic loss obtained in the 3 MW capacity
scenario may be as a result of the selection of relatively
cheaper feedstocks, such as poultry manure (28,719 t/y)
and corn stover (12,844 t/y) and due to economy of
scale. At capacities higher than 3 MW, the more expen-
sive grass silage is selected to satisfy the consumption
and restrictions in terms of available area for biogas
production.

Conclusions

This study presents a model showcasing the effects of
economic profit, sustainability profit and economic*“H¢
profit on the supply chain network production of electri-
city based on two capacities (1 MW and 5MW) over
hourly, daily, and monthly timeframes. An illustrative
case study of three sites in Slovenia is used and results
show negative economic values obtained for the three
objectives considered.

The effects of increasing the GHG emission prices
when maximizing economic* " profits gives a break-
even GHG emissions price of 133 $/t. Moreover, a
sensitivity analysis involving the variation of the auc-
tion trading prices of electricity against maximizing
the economic profit shows that the breakeven value
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Fig. 18 Electricity production in December when the biogas holder investment cost is decreased to 300,000 $

for economic profit may only be obtained beyond the
doubling of the auction trading prices. Furthermore,
the variation of biogas plant capacity with economic
profit showed the lowest economic loss obtained at
the 3 MW capacity.

In future studies, the model will be extended to in-
tegrate electricity generation from solar and wind
energy sources. Furthermore, other bioenergy prod-
ucts in the form of bioethanol, biodiesel and other
may also be included which extends the variety of
products, raw materials and conversion technologies
employed. Moreover, a comparative analysis of the
results obtained in this study could also be made for
another region or country. Finally, the study regard-
ing processing the lower quality by-product (diges-
tate) into more valuable products will be performed
in order to further investigate the possible opportun-
ities for improving profitability of biogas production
while considering auction trading prices of electri-
city. As there are many uncertainties involved in dif-
ferent decisions (such as raw material composition
and its availability, biogas yield, prices and other),
flexible synthesis of biogas supply network could be
performed. Methodology for sustainable design of
supply networks with a larger number of uncertain
parameters proposed recently [49] and applied to
biogas supply network [13] could be used for the
case of biogas supply networks considering multiple
objectives and auction trading prices of electricity.

oIIIIIIIIl
115 2 25 3 35 4 45 5

Capacity (MW)

NWw A~ !

Economic loss (106 $/y)

[N

Fig. 19 Variation of biogas plant capacity with economic profit
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