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Abstract: Utilization of biomass through anaerobic digestion and hydrothermal carboniza-
tion is crucial to maximize resource efficiency. At the same time, supply chain integration
ensures sustainable feedstock management and minimizes environmental and logistical
impacts, enabling a holistic approach to a circular bioeconomy. This study presents an
integrated approach to simultaneously optimize the biomass supply chain network and
process flowsheet, which includes anaerobic digestion, cogeneration, and hydrothermal
carbonization. A three-layer supply chain network superstructure was hence developed to
integrate the optimization of process variables with supply chain features such as trans-
portation modes, feedstock supply, plant location, and demand location. A mixed-integer
nonlinear programming model aimed at maximizing the economic performance of the
system was formulated and applied to a case study of selected regions in Slovenia. The
results show a great potential for the utilization of organic biomass with an annual after tax
profit of 23.13 million USD per year, with the production of 245.70 GWh/yr of electricity,
298.83 GWh/yr of heat, and 185.08 kt/yr of hydrochar. The optimal configuration of the
supply chain network, including the selection of supply zones, plant locations and demand
locations, transportation links, and mode of transportation is presented, along with the
optimal process variables within the plant.

Keywords: anaerobic digestion; hydrothermal carbonization; supply chain optimization;
process flowsheet optimization; mathematical programming

1. Introduction

To adhere to the principles of a circular bioeconomy, address the challenges of
waste management, reduce greenhouse gas emissions, and generate renewable energy
sources [1,2], various methods can be used, from biological to chemical and thermal pro-
cesses. In addition to conventional methods like anaerobic digestion (AD), advanced
techniques such as hydrothermal carbonization (HTC) under subcritical or supercritical
conditions and their combinations are gaining increasing attention.

AD is a promising method to produce biogas from waste biomass, whereby the
digestate is formed as a by-product. Digestate is a nutrient-rich substance that can be used
as a fertilizer or further processed through hydrothermal carbonization (HTC) to produce
hydrochar, a stable, hydrophobic solid with similar fuel properties to lignite [3]. ADis a
complex process that is influenced by various parameters that affect biogas production
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and process stability. Key factors for optimizing the AD process include pH, temperature,
organic loading rate, hydraulic retention time, and pressure [4]. Substrate characteristics,
the inoculum-to-substrate ratio, and the carbon-to-nitrogen (C/N) ratio are crucial for
anaerobic co-digestion (AcoD) [5]. Additionally, parameters such as volatile fatty acids,
alkalinity, total solids, volatile solids, and potential inhibitors such as ammonia play an
important role in the efficiency and stability of the AD process [6].

Alternatively, HTC converts biomass and organic waste into valuable products under
moderate temperature and pressure conditions [7,8]. For instance, the HTC process can
convert food waste [9], sewage sludge [10], green waste [2], and other sources into valuable
products such as hydrochar and other biofuels such as bio-oil. It offers several advan-
tages, including operating at lower temperatures than conventional thermal conversion
methods [11] and the ability to process wet feedstocks to produce hydrochar [3], as well as
higher efficiency, environmental safety, and economic benefits. The HTC process is influ-
enced by various parameters such as temperature, residence time, water-to-biomass ratio,
and feedstock composition [12]. HTC products are used in a variety of ways, including
as a substitute for coal in power plants for energy generation, soil amendment, nutrient
recovery [1], and carbon sequestration and adsorption for biogas purification [3].

HTC and AD are emerging technologies for sustainable waste management and
resource recovery; therefore, their integration can bring about several benefits, such as
improving energy recovery from biomass or waste, improving treatment efficiency, and
reducing costs [9], as well as contributing to a circularity of materials [13]. When hydrochar
is used as an additive in AD, it can significantly enhance biochemical reactions through var-
ious mechanisms. Hydrochar improves the solubilization and hydrolysis of organic matter,
promotes the acidification of hydrolyzed products, and inhibits methanogenic bacteria
while promoting key enzyme activities [14]. In addition, hydrochar provides attachment
sites for microbial growth and contains surface functional groups that facilitate direct inter-
species electron transfer (DIET), resulting in increased methane yield [15]. The addition
of hydrochar in AD systems can also improve microbial species richness and uniformity,
further contributing to the efficiency and stability of the process [15]. Several other mutual
benefits have been identified, e.g., HTC of digestate can contribute to the increased carbon
content and improve the ignition properties of hydrochar [16]. However, further research
is needed to optimize these methods and processes, as well as to perform technoeconomic
analyses to ensure their commercial viability and widespread adoption [10].

The modeling and optimization of AD have been studied extensively using various
approaches. Process simulation software such as Aspen Plus, BioWin, Aquasim, Simba,
and others are commonly used for AD modeling [5]. Mathematical models range from
comprehensive white box models to simplified black box models, with recent advances
in machine learning techniques [17]. Nature-inspired techniques such as genetic algo-
rithms and particle swarm optimization offer advantages in parallel computation and
dynamic behavior for AD modeling [18], helping to predict biogas yield, optimize process
parameters, and provide insights into system stability [19]. Various AD process simulation
models have been developed using Aspen Plus software to predict biogas production from
various substrates. These models consider the main stages of AD, including hydrolysis,
acidogenesis, acetogenesis, and methanogenesis, with numerous reactions and kinetics [20].
The simulation models take into account factors such as inhibition, pH, temperature, and
retention time [21], wherein validation using industrial and laboratory data has shown
good agreement between simulated and experimental results. Sensitivity analyses were
performed to investigate the effects of the different parameters on biogas production and
composition [22].
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On the other hand, several simulation and optimization models have also been used for
HTC, involving kinetic, thermodynamic, and statistical approaches [23], as well as process,
reactor, and plant modeling [24]. However, the current models face several limitations
due to the complexity of the HTC reactions and feedstock characteristics. To advance
HTC modeling, Ubene et al. [25] recommend focusing on six key areas: variable feedstock
compositions, exothermic reaction heat, reactor type, scale-up, pre-pressurization, the heat
up period, and feedstock porosity. A continuous HTC process model using the UniSim
Design process simulator showed improved hydrochar characteristics compared to batch
processes, particularly for biomass with a high cellulose content [26]. Aspen Plus software
was used to develop process models for converting municipal solid waste to hydrochar via
the HTC process and for the hydrothermal liquefaction (HTL) of biomass [27]. Additionally,
other mathematical approaches such as empirical models, response surface methodology,
kinetic models, and machine learning have been applied to HTL optimization [28].

Recent studies have explored the integration of HTC with AD to improve biomass
waste management and energy recovery. For example, Aragén-Bricefio et al. [29] investi-
gated the integration of AD and HTC of sewage sludge and showed that this combination
can increase net energy production by up to 10 times compared to AD alone. The integra-
tion of both processes also enables the treatment of process water from HTC, which has
a high chemical oxygen demand, by AD to produce methane-rich biogas [11]. Another
study investigated the optimization of the total energy yield from sewage sludge and pine
sawdust using a coupled HTC-AD process, where the optimal operating parameters were
determined using response surface methodology [30]. Technoeconomic and life cycle as-
sessments have shown that this integrated approach can reduce the environmental impacts
compared to AD alone, mainly due to the production of hydrochar as a potential substitute
for fossil fuels, but on the other hand, increases the cost by 42% compared to conventional
AD [31].

While the integration of AD and HTC processes is crucial for improving the energy
recovery of biomass, the inclusion of the supply chain is equally important for holistic
system optimization. Supply chain efficiency affects transportation costs, logistics, and
the overall sustainability of the system. By optimizing the supply chain, it is possible to
minimize transportation routes, reduce costs, ensure a reliable flow of raw materials, and
incorporate the strategic optimization of resources [32]. The current research lacks studies
that integrate the simultaneous optimization of supply chain networks and production
processes, especially focusing on the valorization of residues through AD and HTC. To fill
this research gap, this study aims to develop and demonstrate a comprehensive approach
and methodology for the simultaneous optimization of the coupled AD-HTC process
flowsheet and biomass supply chain network. Specifically, the goal is to create a mixed-
integer nonlinear programming (MINLP) model that maximizes the economic performance
of the holistic system while accounting for the various waste sources available in the region
and their logistics.

2. Methodology for the Simultaneous Optimization of the Biomass
Supply Chain Network and the AD-HTC Process Flowsheet

The methodology consists of an integrated approach in which the biomass supply
network and the process flowsheet combining AD and HTC processes are integrated and
optimized simultaneously. First, the integrated approach is presented, followed by the
methodology and the demonstration case study.
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Layer 1: supply zones i

Corn silage - FEED1
Cattle manure - FEED2

Sunflower cake - FEED3

Whey - FEED4

2.1. Simultaneous Optimization of Supply Chain Network and AD-HTC Process Flowsheet

The study integrates supply chain network optimization and process flowsheet op-
timization into a comprehensive framework. The supply chain network consists of three
layers (L1-L3), as shown in Figures 1 and 2. The first layer represents the availability and
location of feedstocks pb € PB in each supply zone i (i1—iz,), the second layer represents the
AD-HTC processing facilities at potential locations 7 (111—#5), and the third layer represents
the demand for the products prd € PRD at locations j (j;—j22). Feedstocks available in each
supply zone i could be transported to the AD-HTC plant at any potential location n. The
products from each AD-HTC plant n could then be distributed to the demand locations
j. Figure 1 shows the three-layer supply network superstructure and illustrates how the
feedstocks pb from zone i; could be transported to each plant location # and how the prod-
ucts prd from n; could be distributed to each demand location j. The possible connections
between other supply zones i and plant locations 7, as well as possible connections between
other plant locations n and end users j, were considered in the same way.
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Figure 1. Three-layer supply network superstructure.

Layer 2: AD-HTC plants n Layer 3: demand locations j
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Figure 2. Schematic representation of the integrated supply network and AD-HTC process
flowsheet optimization.
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Figure 2 shows the schematic representation of the simultaneous optimization of the
biomass supply chain network and the process flowsheet, which includes both AD and
HTC processes, as well as combined heat and power (CHP) generation. The substrates
considered in this case study were corn silage, cattle manure, sunflower cake, and whey due
to their availability in the region and their suitable properties for AD and HTC processes.
The feedstocks from supply zones i (Layer 1) could then be transported to the storage
facilities at the plant sites n (Layer 2). From the storage facilities, they could be used for
either AD or HTC. The biogas produced from the AD process is then used in combined heat
and power (CHP) plants where electricity and heat are generated. The digestate obtained
from the AD process can be used directly at the points of use or sent to the filter press
(PRESS), where a solid and a liquid fraction are obtained. The liquid digestate can be
used as a feedstock for AD or HTC, while the solid digestate can be used at demand sites
or as a feedstock for the HTC process. The HTC process consists of a reactor, followed
by a filtration (FILT) and drying (DRY) unit in which hydrochar is obtained as the main
product, while process water and gaseous products are by-products. The process water
can further be reused within the process. The main products (prd € PRD), i.e., electricity,
heat, digestate, solid digestate, and hydrochar, can then be distributed to the end users at
demand locations j (Layer 3).

The following data were considered for the potential supply zones (i € I):

e  set of raw materials (pb € PB), including corn silage, cattle manure, sunflower cake,
and whey;

e land area of each supply zone i and the share of the actual area that could be used for

growing crops;

availability of raw materials pb in each zone i;

dry matter content, density, and moisture content of raw materials;

biogas yield and methane content obtained from each raw material;

cost of the raw materials.
For potential AD-HTC plants (n € N), the following data were considered:

o yield of the conversion of raw materials to intermediate products, by-products, and
main products;

minimum and maximum plant capacities, energy consumption, and plant lifetime;
fixed and variable storage costs of raw materials, the maximum period of storage;
labor costs (fixed and variable);

losses during storage and operation.
The following data were taken into account for the end users (j € J):

e  set of the products (prd € PRD), including electricity, heat, digestate, and hydrochar;
e  price of the products;
e demand locations.

Between the layers, different available transportation modes (tro € TRO) were consid-
ered, such as road transport, pipelines, and transmission lines. Road transportation and
pipelines were considered for the distribution of cattle manure and whey from the supply
zones to storage at the plant site, while only road transportation was considered for corn
silage and sunflower cake.

Pipelines were considered for heat distribution, power transmission lines for electricity,
and road transportation for hydrochar, while two options were considered for digestate:
pipeline or road transportation by truck. For road transportation, round trips were also
considered, with a return trip factor of 2 [33].

The data for transportation from L1 to L2 and L2 to L3 are as follows:
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e fixed and variable transportation costs of pb via different modes of transport from
supply location i to plant site 7;

e fixed and variable transportation costs for the product prd from the plant location 7 to
the final consumer j via the available transportation modes;

e losses during transportation.

Fixed transportation costs are associated with material handling, e.g., loading and
unloading, while variable transportation costs depend on distances [34]. The above data
are listed in Part A of the Supplementary Materials.

2.2. Mathematical Formulation

The problem of simultaneous optimization of the AD-HTC process flowsheet and
supply chain network was formulated as a MINLP model. A three-layer supply network
superstructure was considered, in which 22 supply locations i € I at L1, 5 plant sitesn € N
at L2, and 22 demand locations j € | at L3 could potentially be selected. The following sets
and subsets were considered for the AD-HTC process flowsheet optimization:

- process units u € U,

FEED1, FEED2, FEED3, FEED4, FEEDS,
STOR1, STOR2, STOR3, STOR4, MXR1, MXR2,

U= ¢ FSPL1, AD, CHP, ESPL, PRESS, FSPL2, FSPL3,
FSPL4, HTC, FILT, DRY, PRD1, PRD2, PRD3,
PRD4, PRD5, PRD6, PRD7

- raw materials feed feed € FEED,FEED C U,
FEED = {FEED1, FEED2, FEED3, FEED4, FEED5}
- storages stor € STOR,STOR C U,
STOR = {STOR1, STOR2, STOR3, STOR4}
- mixers mxr € MXR, MXR C U,
MXR = {MXR1, MXR2}
- flow splitters fspl € FSPL,FSPL C U,
FSPL = {FSPL1, FSPL2, FSPL3, FSPL4}
- products prd € PRD,PRD C U,
PRD = {PRD1, PRD2, PRD3, PRD4, PRD5, PRDé6, PRD7}
- all components p € P,

whey, silage, sunflower cake, cattle manure, H,O, biogas,

digestate, liquid digestate, solid digestate, electricity, heat,
P = { gaseous phase, product mixture, dewatered cake,

process water, hydrochar, purge, carbon, CH,,

CO,, coal, natural gas, wood
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- input and output flows for process units io € 10,
IO = {in-1, in-2, in-3, in-4, in-5, in-6, in-7, out-1, out-2}

The subset IN C IO included the elements in-1 to in-7 defined for the inlets and
the subset OUT C IO included the elements out-1 and out-2 for the outlets. The binary
variables are used to determine the locations of the plants and to select the transportation
modes and routes as follows:

e yT,, for the existence of a process unit u € U at the potential location n € N;

e yL1L2;, ypb 1o to optimally select the route of the feedstocks pb € PB from the supply
zone i € [ to the plant location n € N via the transportation mode tro € TRO;

e yL2L3, a0 to optimally select the route of the products prd € PRD from the plant
location n € N to the demand location j € | via the mode of transportation tro € TRO.

Continuous variables to be optimized were the total mass flow rates within the supply
chain, the mass flow rates of the components, the dry matter content and water content
in each flow, the energy flows, the revenues, all costs, etc. The equality and inequality
constraints, as well as the objective function, are presented in the following subsections.

2.2.1. Constraints

At layer 1, the availability of feedstocks pb € PB in each supply zone i € I must be
determined. For this purpose, data on the total area of each zone (AiTOTAL) and the share of
the total area in each zone i € I devoted to the cultivation of corn silage and sunflowers
(x;,pp) [35], as well as data on hectare yields (HY; ;) in t/ (kmz-y), were taken from the
Statistical Office of the Republic of Slovenia [36]. The quantity of corn silage and sunflowers
in each supply zone i in kt per year (kt/yr) therefore corresponds to the mass flow (F; ; »»)

calculated using Equation (1).

Y Finpp = HYjpy - AP x; ), Vi € 1,pb € PB (1)
n

To obtain the availability of sunflower cake in each zone, the mass flow of sunflowers
was multiplied by the yield of sunflower cake from sunflowers. The amount of cattle
manure in each zone was calculated as the number of cattle based on their age in each
zone [37] multiplied by the amount of cattle manure produced per year by one cattle
based on their age. To calculate the hectare yield of cattle manure required in Equation (1)
(in t/(km?-y)), the total amount of cattle manure was divided by the total area of each
zone. Further details on the calculation of manure yield can be found in the Supplementary
Material of the previous study by the authors [33]. For whey, the production in t/yr was
taken from [38] and further divided by the total area of each zone to obtain the hectare
yields required in Equation (1).

The link between L1 and L2 is established by integrating the feedstock pb from zone
iat L1 and the units feed € FEED in the process flowsheet. As shown in Figure 1, corn
silage is an output of unit FEED], cattle manure is an output of FEED2, sunflower cake of
FEED3, and whey of FEED4. For the integration, the new set PBFEED C PB x FEED was
defined, which indicates the flow rate of each feedstock pb to the specified unit (feed) in the
flowsheet. The total mass flow of feedstock pb transported from supply zone i to plant site
n is defined by Equation (2):

Y Fnpp = Y QUL ¥ € N, pb € PB )
iel feede FEEDA(pb,feed)c PBFEED
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where F; , ,, denotes the mass flow rate of feedstock pb from the supply zone i to the plant
site n, and Fﬁ,l}tejd, pp Tepresents the outlet of pb from the unit feed at location #.

At L2, the feedstock pb can be stored in the process unit stor € STOR in the AD-HTC
plant n, with each stor being intended for a different feedstock. Equality conditions for the
total flow rate, component flow rate, dry matter content, and water flow rate were defined
for the storage facility and all other process units u € U to guarantee the mass balance.

The feedstocks are then mixed. The mass balance for the mixer is described by
Equation (3). For the MXR1 unit, seven inlet streams are considered (four inlets are from
storage units representing the individual feedstock pb, water, liquid digestate, and process
water), and the output is the joint stream with a mass flow rate F“/-L.. The feedstock mass
flow rates and the output mass flow rate are variables that are optimized according to the
other constraints included in the model to ensure realistic and feasible operation.

Y Fl, = Fl ¥n e N, mxr € MXR 3)
ineIN

This joint stream is then split into 2 streams in the process unit FSPL1, as shown in
Equation (4), one of which is sent to the AD unit and the other to the HTC unit.

Fold = Xobopt - Exliapt, Vi € Nout € OUT, fspl € FSPL (4)

Fs,b'[ftspl denotes the mass flow rate of each output out from fspl at location n, x%‘}s p

the split fraction of each output out at location #, and Frilr‘];i p Tepresents the mass flow rate

into the fspl at location #. It should be noted that the split fraction was defined as a positive

lis

variable so that it was possible to optimize how much of the feed is used for AD and how
much for HTC. The sum of the two split fractions should be equal to 1.

The total mass flow rate in the process unit ad € AD at location # is multiplied by
the corresponding conversion factor (m3/t) to obtain the volume of biogas produced at
location n (Fout1 ), as shown in Equation (5).

n,ad biogas
out-1 _ in-1 convAD
Fn,ud,biogas - Z Fn,ud,pud *Jpad ,Vi’l €N, ad € AD (5)
pad€ PAD

The subset pad € PAD C P represents all feedstocks available for AD (including all
pb, liquid digestate, and process water).

The amount of digestate produced in the digester at location n (Fﬁ/‘;;%h gestat o) was
calculated using Equation (6) as the difference between the mass flow rate of feedstocks
into the digester and the mass of material contained in the biogas (Fgf;g})i ogas Pbiogas)r
where ppjogas 18 the density of the biogas.

out-2 _ in-1 out-1
Fn,ad,digestate - Z Fn,ad,pud - Fn,ad,biogas " Pbiogas- Vn € N,ad € AD (6)

padcPAD

Lower and upper bounds on dry matter content of 2% to 15% are employed for the
anaerobic digester (and for the digestate), as illustrated in Equations (7) and (8).

in-1 in-1 in-1
Félrrln,n,ad =>0.02- (Fclzlrr\n,n,ad + Flerrlater,n,ad)'vn € N,ad € AD (7)
in-1 in-1 in-1
Fflirfln,"/ﬂd <015 (Fclirr‘n,”,ﬂd + Fxlater,n,ad)'vn € Nr ad € AD (8)
Firl . stands for the dry matter content, and F‘i;‘;er a4 Tepresents the amount of

water in the anaerobic digester ad at location #.
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The volume of methane produced (Fg;;lcm) at location n was calculated using
Equation (9):

out-1 _ in-1 convAD
EooicH, = 2 Eyvdpad fad - * XCHa,pad, V1 € N,ad € AD )
pade PAD

where Xcpy, pqd is the proportion of methane in the biogas produced from the material pad.
The energy content of the biogas was determined as the product of the amount of methane,
the lower calorific value, and the density of CHy, as shown in Equation (10).

Q;j;;;;d = Fﬁ;};}cm -LHVcy, - pcn,, Vi € N,ad € AD (10)

Biogas is then led to the CHP unit, where it is converted into electricity and heat using
the corresponding conversion factors. Both products can then be used either at the demand
locations or as a resource for other process units within the flowsheet. The electricity and
heat requirements for the AD plant were determined based on the conversion factors for
heat and electricity consumption, expressed in GWh per Mm? of biogas produced.

The digestate obtained is divided into 2 streams in the FSPL2 process unit, as defined in
Equation (4), with one stream being fed to the belt filter press (PRESS; digestate dewatering)
and the other to the demand locations. In the PRESS process unit, the solid and liquid
fractions of the digestate are obtained, with the dry matter content in the solid fraction
being between 20 and 30% [39]. In this study, a dry matter content of 25% was assumed in
the solid digestate. The amount of dry matter in the solid digestate (F%tnl press solid_fra J) was
determined using Equation (11) and calculated as the difference between the mass flow
rate of the digestate and the mass flow rate of the recycle (liquid digestate) divided by the
dry matter content of the solid digestate.

in-1 _ Fout—2
out-1 n,press,digestate n,press liquid_frac

dm,n,press,solid_frac — 0.25 ,Vn € N, press € PRESS (11)

The liquid digestate is then fed into the MXR1 and could be reused as a feedstock
for AD or HTC, while the solid digestate could either be fed to the demand or used as a
feedstock for the HTC process. Again, the proportion of solid digestate used for one of
the options is the variable, so the more economically advantageous solution is achieved
through optimization. The HTC process is represented by 3 process units: the reactor
HTC, the filtration unit FILT, and the drying unit DRY. The output of the reactor is a
product mixture that contains a solid and a liquid phase, whereby gaseous products are
also produced, mainly containing CO; and, in smaller quantities, other gasses such as CO,
H,, CHy, and light hydrocarbons [40]. The product mixture is then separated by filtration,
where solid hydrochar and the liquid phase (process water) are obtained. After filtration,
the hydrochar still contains a significant amount of moisture. A drying unit is used to
further reduce the moisture content and obtain the hydrochar with the right properties.
The hydrochar obtained could be used as a solid biofuel, soil amendment, adsorbent, etc.
at the demand locations. The liquid phase is reused in the process, as shown in Figure 1.

The gaseous products were assumed to account for between 5 and 10% of the mass
flow rate into the HTC process unit [25], as shown in Equations (12) and (13).

Fr(z)};lt‘-czrgaseous_P > 0.05- Z Vilr,lﬁc/l’htc’vn € N, htc € HTC (12)
phtcePHTC
Eiigascous.p < 010+ = Ejh e, ¥ € N hite € HTC (19

phtcePHTC
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The subset phtc € PHTC C P represents all feedstocks available for the HTC process
(including all pb, liquid digestate, solid digestate, and process water).

The remaining flow rate represents the product mixture (out-1 of HTC), which contains
a liquid and a solid phase and is fed to the filtration unit. For the filtration unit FILT at
location #n, it was assumed that between 70 and 80% of the dry matter content in the
input (FEL s
Equations (14) and (15), where Fgr‘;tg filt dewatered_cake represents the dry matter content in
the dewatered cake after filtration in the process unit filt at location 7.

) should be converted into a dewatered cake (hydrochar), as shown in

Foutt > 0.70 - Finl, i, Vn € N, filt € FILT (14)

m,n,filt,dewatered_cake

Fpout-1 <080 Finl, oy, Vn € N, filt € FILT (15)

dm,n,filt,dewatered_cake

Output 2 from the filtration unit, which represents the liquid phase, can either be
reused in the process or discharged. For this purpose, the process unit FSPL4 was used
and modeled, as shown in Equation (4), for FSPL1. For the drying unit, it was assumed
that hydrochar with a dry matter content between 80% and 90% is obtained, as shown in

Equations (16) and (17), where Fc‘l’r‘;t;} dry,hydrochar is the dry matter content of the hydrochar,
and Fg,‘;ltr'yl,hy drochay 18 the total mass flow rate of the hydrochar.
t1 t-1
F glril,n,dry,hydrochar > 0.80-F Sriry,hydrochar’ Vn e N, d?’y € DRY (16)
t-1 t-1
Fg;,n,dry,hydrochar <0.90- Fr?,lcliry,hydrochar’ Vn e N, d?’]/ € DRY (17)

The connection between L2 and L3 is established by integrating the products prd from
the zones n at L2 and the products available for supply (sprd € SPRD). For the integration,
the new set PRDSPRD C PRD x SPRD was defined, which specifies the flow of each
product prd to the specified product sprd in the next supply chain layer L3. Electricity
is an input for SPRD1, heat is an input for SPRD2, digestate for SPRD3, solid digestate
for SPRD4, and hydrochar for SPRDS5. It is assumed that the end consumers at demand
location j can accept the products from multiple plants n. The total flow of the product prd
transported from the plant location # to the demand location j is defined by Equation (18):

Y Fujprd = Y En iV € N,prd € PRD  (18)

j€l sprdeSPRDA(prd,sprd)ePRDSPRD

where F, ; ;4 denotes the mass flow rate of the product prd from the plant location 7 to the
demand location j, and Fyil"‘s';r 4,prd TEPTESENtS the inlet of prd into sprd.

2.2.2. Objective Function

The objective function of the integrated supply chain network and the AD-HTC
process flowsheet optimization problem is to maximize the annual profit after tax (Pa),
which is defined as the profit before tax (Pp) reduced by tax expenses (Pg-7t), as shown in
Equation (19):

Py=(1-r)-Pp (19)

where r; denotes the tax rate. Profit before tax is further defined as the revenue (Riyta1)
reduced by the total costs (Ciyta1), as shown in Equation (20). The revenue in millions of
dollars per year (M$/yr) is obtained from the sale of electricity, heat, digestate (dry or wet
fraction), and hydrochar (sprd) from L2 (plant location #) to L3 (demand location j). The
total costs in M$ per year are the sum of the costs for the feedstocks pb transported from i
to n and the additional purchase of raw materials at plant site 7, the transportation costs
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between the layers (TC), the storage costs (S5C), the labor costs (LC), the discounted capital
costs (DCC), the maintenance costs (MC), the other miscellaneous costs (OMC), and the

other costs (OC).

Pg = Ryotal — Crotal = X L Z ch];;ft,il;lg,,]'mt . Pprd -x( X Z )y FCiI];;:}jyzl “Cpbt

prdePRD neN jej pbePBiclneN (20)
YL By + TC+ ¥ SCp+ LC + DCC + MC + OMC + OC)

pbuyePBUY neN POy, peP
where Fc ];des ’].net is the net flow of products prd from L2 to L3 in GWh/yr or kt/yr, Py, is
the price of product prd in M$/kt or M$/GWHh, F ci;;’}ﬁ is the mass flow rate of feedstocks
pb from L1 to L2 in kt/yt, cpp is the cost of the feedstocks pb in M$/kt, F;;fy’;z is the flow
of the purchased materials pbuy at L2 in kt/yr or GWh/yr, and cyp,, is the cost of pbuy in

M$/kt or M$/GWh.

Three types of transportation (fro € TRO) were assumed for the transport of raw
materials and products, i.e., road transportation by truck, pipeline, and transmission lines,
and were optimally selected for each material. The subset PIPETRA (PIPETRA C TRO) was
defined for the transportation of feedstocks or products via pipelines or power transmission
lines to also take into account the investment cost. In the case of tro € PIPETRA, the amount
of p transported between the layers was defined as follows (Equation (21)):

Fpxytro < F;,nax “Ypytro, Vp € P,x € {I,N},y € {N, ]}, tro € PIPETRA (21)

where F xy 1o Tepresents the amount of p transported from i to n (L1 to L2) or n to j
(L2 to L3) with the transportation option tro € PIPETRA, F;® is the maximum flow, and
Ypay.tro is the binary variable for the optimal selection of transportation mode (1 if the
transportation mode is selected and 0 if not). The transportation costs in this case were
defined using Equation (22) as the sum of the fixed and variable costs.

Tcp,tro = X )y Tcgﬁm : dx,y ’ yp,xfy/fTO_FTC;;;al‘rro ’ dx,y ’ Fp,x,y,tro/
xe{LN}ye{N,J} (22)
Vp € P,tro € PIPETRA

Fixed transportation costs were calculated as the fixed depreciation cost TC?/’;TO of the
transmission line or pipeline per km multiplied by the length of the pipeline or transmission
line (dy,y) and binary variable y xy,tro for the optimal selection of the transportation mode.
Variable costs were further determined as the product of the variable costs TC%;, in
M$/(t-km) or M$/(GWh-km), the distance, and the amount of p transported.

In the case of road transportation (tro ZPIPETRA), the transportation costs were

determined using Equation (23):

TCptro = {Zm} {% ]} TC. - oy tro+ TCyg - duy - Fpxytro - frt, )
xe{ILN} ye{N,
Vp € P,tro € TRO A tro ¢ PIPETRA

where f¢ is the factor applied to road transportation, which was assumed to be 2 to also
account for return trips.

The selection of the optimal mode of transportation for the transport of raw materials
and products p between x (location i for the transport from L1 to L2 or # for the starting
point from L2 to L3) and y (n in the case of L1 to L2 and j for the endpoint of the transport
from L2 to L3) is obtained from Equation (24).

Fory= Y. FpaymoVxe{LN},ye{N,J},peP (24)
troe TRO
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Finally, the total transportation costs in M$ per year were defined as the sum of the
transportation costs of feedstocks from the supply locations to the plant locations and the
transportation costs of the products from the plant locations to the demand location, as
shown in Equation (25).

TC= Y ) TCym+ Y, Y TCui (25)

pbePB tro€eTRO prd€PRD tro€TRO

Storage costs in M$/yr were calculated using Equation (26) as the sum of the fixed
and variable costs:

f1x

SC, = 22 ” +scvaf) Wiionp VP € P (26)

n stor

where SCﬁx denotes the fixed storage costs of p in M$ per m?, S Cp™" represents the variable

storage costs in M$/(m?-y), Fp is the discount factor, and AL2, s the area of the storage

n,stor,p

stor at location n at L2. The storage area was determined as the maximum storage capacity
A}ig‘f’; divided by the product of the density p, and height of the storage, as shown in

Equation (27).

L2,max

AL,y =~ n € N, stor € STOR, p € P 27)
Y (PP 'hp)

The discount factor was determined using Equation (28) [41]:

C (A4rg -1

28
rq - (1+1’d)tD ( )

where 74 is the discount rate, and tp is the depreciation period.
In addition, the economic objective also considers the labor costs LC, which were
determined by Equation (29):

L2,T
IC=Y Y ILCH.y2+ ¥ ¥
neNteT neEN in€lN teT kpeKPA(pb,t) ePBTA(pb,prd)ePBPRDA(t,kp) € TKP (29)

L Cvar FLZ T

n,in,t,p

where LC in M$/yr is the sum of the fixed (LCf‘X) and variable (LC}Y") labor costs due to
the operation of the facilities. The fixed costs were multiplied by the binary variable to
account for the existence of technology t at location n. The variable labor cost depends on
the quantity of feedstocks processed, where p represents the input flow of feedstock p
at site n for technology f.

Maintenance costs (MC) and other costs (OC), which include local taxes, insurance, and
royalties [33], were calculated based on capital costs (CC). Usually, maintenance costs are
between 5% and 15% of the installed capital cost [42]. In this study, the MC was assumed to
be equal to 6% of the capital cost, as shown in Equation (30). The other costs were assumed

to be 3% of the capital cost [33], as described in Equation (31).
MC = 0.06-CC (30)

OC = 0.03-CC (31)

Other miscellaneous costs (OMC) include laboratory expenses, supervision costs,
and general overheads. Laboratory costs, which include process monitoring and quality
control, are estimated to account for 20-30% of labor costs. Supervision costs account for
approximately 20% of labor costs, while plant overhead costs, which include management,
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security, and safety, typically account for between 50% and 100% of labor costs [42]. In this
study, it was assumed that OMC is equal to the labor cost (Equation (32)).

OMC = LC (32)

The discounted capital costs were determined using Equation (33), where the sum of
the initial investments at plant locations n for technologies ¢ (I,Iﬁ'T) is discounted by the
discount factor Fp (Equation (28)). Further details on the determination of the DCC can be

found in the previous work by the authors [33].

n,t
DCC — "ENteT (33)
155}

2.3. Demonstration Case Study

The proposed approach of an integrated supply network and AD-HTC process flow-
sheet optimization was applied to the demonstration case study shown in Figure 3. Selected
regions in Slovenia with a radius of 40 km and an area of 5026.5 km?, which is about 25%
of the total area of Slovenia, were divided into 22 zones. The zones were selected according
to the availability of feedstocks and population density, which influences the demand. In
each zone, the supply locations i (i1—iy;) of selected substrates are considered at L1. At
L2, the potential locations of AD-HTC plants n (111-#5) and, at L3, the demand locations j
(j1—j22) are considered. The locations for the availability of feedstocks, the potential plant
locations, and the demand locations with latitudes and longitudes were taken from Google
Maps [43] and are shown in Part B of the Supplementary Materials. The demand locations
for electricity and heat were assumed to be the largest city or town in the zone, while the
potential plant locations were evenly distributed near agricultural or rural areas that were
also close to cities and towns. The distances between locations (i,n), (1n,j), and (n,n) were
calculated using the spherical law of cosines [33]. To approximate the actual transportation
distances and obtain more realistic results, a theoretical tortuosity factor (tf) of 1.27 is
assumed, as proposed previously [44]. For the plants located at the same site, such as
anaerobic digester, filter press, CHP, and HTC, it is assumed that the distance between
them is 100 m.

The integrated supply network and the AD-HTC process flowsheet optimization
problem were formulated as a MINLP model and consisted of 12,565 single equations,
23,133 continuous variables, and 2300 binary variables. The problem was formulated in the
GAMS modeling interface (version 45) and solved with the DICOPT solver on a personal
computer (16 GB RAM, Intel® Core™ i9-13900H processor @2.60 GHz) in a few seconds.
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0 plant locations n
® demand locationsj

Figure 3. Demonstration case study with potential supply zones, AD-HTC plant sites, and demand
locations.

3. Results and Discussion

The economic efficiency of the integrated supply chain network and the AD-HTC
process was determined by considering the optimal structure of the supply chain net-
work and the optimal AD-HTC process flow. The demand for products sprd is a variable
that is optimized according to the highest annual profit of the entire system. The main
optimization results are summarized in Table 1.

The total amount of feedstocks used for AD and HTC is 1924.08 kt/yr, of which cattle
manure accounts for 89.5%, as it is widely available in the selected region and has suitable
characteristics for processing due to its relatively high moisture content, energy content,
and methane yield. Although the selected amount of whey and sunflower cake is relatively
small, it is important to use them to promote the circular bioeconomy and obtain value-
added products. A total of 245.7 GWh/yr of electricity and 298.83 GWh/yr of heat was
generated from five plants. It should be noted that the heat consumption within the process
was also taken into account. Of the 298.83 GWh/yr of heat generated, 130.79 GWh/yr was
consumed within the processes, while the remaining 168.04 GWh/yr was available for
supply to the end consumers. Moreover, when losses during transportation are accounted
for, only 114.45 GWh/yr of heat can be supplied to end consumers via district heating.
Alternatively, the quantity of digestate and solid digestate produced from all the plants
and transported to end users corresponds to 443.17 kt/yr and 1228.14 kt/yr. In addition,
185.08 kt/yr of hydrochar was produced. The revenue from the sale of all five products
amounted to 91.27 M$/yr, while the total costs amounted to 62.72 M$/yr. The profit after
taxes amounted to 23.13 M$/yr.
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Table 1. Main optimization results.

Item Optimal Value
Feedstock (kt/yr)
Corn silage 195.82
Cattle manure 1722.08
Sunflower cake 0.18
Whey 6.00
Total 1924.08
Products
Electricity (GWh/yr) 245.70
Heat (GWh/yr) 298.83
Digestate (kt/yr) 443.17
Dry digestate (kt/yr) 1228.14
Hydrochar (kt/yr) 185.08
Economic results (M$/yr)
Revenue 91.27
Total costs 62.72
Profit before tax 28.55
Profit after tax 23.13

The optimal structure of the supply chain network is shown in Figure 4. All supply
zones i (iq to ipp) were selected and the feedstocks were used in all five potential AD-HTC
plants n, while seven demand locations j (j, j10, j11, j12, j14, j18, and jop) were selected.
Selected supply zones i are marked in green, selected plant sites n in red, and the selected
demand locations j in blue. Only seven (7) demand locations were optimally selected due
to the transportation costs associated with the transportation of products from the plant
location n to the demand location j. To reduce these costs and maximize the annual profit,
all products except electricity were transported to the closest demand locations to ensure a
cost-effective distribution strategy.

b | OROEEOOOOEEEREGOOEEEEEE
"
o |

prd

L2,setn

- D

—/

<—

L1 seti e =N Ve AN \
a0 0 00000000000000000000

Figure 4. Optimal supply chain network structure.

Table 2 shows the amount of whey (W), corn silage (CS), sunflower cake (SC), and
cattle manure (CM) selected for transportation from each supply zone i to each plant
location 7. It can be seen that, in 13 supply zones (i1, iz, ia, ¢, i10, 11, 12, 114, 115, 116, 117, 120,
and ip1), all four available feedstocks were selected and transported to the optimal (closest)
plant location.
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Table 2. Quantity of feedstocks pb in t/yr transported from supply zone i to plant location #.
Plant Sites/Supply Zones ny 1y n3 ny ns
W *: 326.97
; CS*:16,492.18
! SC *: 10.55
CM *: 145,448.51
W:1123.71
; CS: 15,682.97
2 SC:12.02
CM: 104,898.57
i3 SC: 8.97 W: 211.30
W:267.88
) CS: 9438.51
iy CS: 8450.63 SC:10.75
CM: 125,034.53
) W:170.20
is SC: 6.83 CS: 11,876.65 CM: 79,439.23
. CS: 10,605.01 W- 318.24
ig SC: 6.08 CS: 3508.14
CM: 122,940.54 ' '
) W:297.97
iz SC:12.75 CS:19377.11
. W: 234.40
8 SC:4.53
W:103.22
ig CS: 7831.05
SC:7.89
W:155.29
; CS: 8826.27
10 SC:4.35
CM: 94,989.79
W:229.96
; CS: 10,788.72
H SC: 12.62
CM: 55,375.37
W:194.57
; CS: 8022.06
12 SC: 8.08
CM: 115,525.73
W: 144.01
i13 CS: 6213.59
CM: 68,744.87
W:119.84
i14 CS: 1155.55 SC: 6.54
CM: 93,520.83
W: 800.62
i15 SC:10.20 CS:10,123.07
CM: 145,782.46
W:109.52
; CS: 5539.04
16 SC:5.58

CM: 79,767.76
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Table 2. Cont.
Plant Sites/Supply Zones ny 1y n3 ny ns
W:106.37
; CS: 6207.54
17 SC: 6.25
CM: 89,394.91
, W: 164.66
i 5C: 1048 CM: 149,908.38
. W:254.13
f19 SC:13.87 CM: 198,319.17
W:324.21
; CS: 19,072.60
20 SC: 13.87 CM:
11,750.06
W:120.75
; CS: 8033.96
21 5C:9.39
CM: 41,235.97
W: 22478
inp CS: 8575.81
SC:2.29

* W—whey, CS—corn silage, SC—sunflower cake, and CM—cattle manure.

Although all feedstocks are also available in all other zones, they were not selected,
either because of the large distances to the possible plant location and the associated higher
transportation costs or because of their smaller quantity, so the costs are higher than the
revenue that would be obtained if they were used in the process. However, at least one
feedstock was transported from each supply zone to achieve the maximum annual profit for
the entire system. The optimal amount of whey and sunflower cake transported from some
of the supply zones to the plants is relatively small, ranging from 2.29 t/yr to 13.87 t/yr
for sunflower cake and from 103.23 t/yr to 1123.71 t/yr for whey. The reason for this is
their limited availability in most supply zones. The quantity of feedstocks transported also
depends on their dry matter content, as the lower and upper limits for dry matter content
in the anaerobic digester and digestate were included in the model to ensure realistic and
feasible operation. The largest amount of biomass was transported to plant location 73,
with 600,149 t/yr coming from the closest supply zones (i14, i15, i13, and ij9), while the
smallest amount was transported to plant location n5 (250,078 t/yr), which was the farthest
from most supply zones. This result reflects the significant impact of transportation costs,
as, in the optimal solution, all available raw materials were transported to the closest plant
locations in order to minimize costs and maximize the profitability of the system.

Figure 5 shows the selected optimal energy and material flow from each plant site n to
the end user j. For example, from plant site 71, the products are delivered to the demand
sites j1p and jig. Electricity is transmitted to j;g, while heat, solid digestate, and hydrochar
are transported to jjg, as this location is the closest to plant location nj, as can also be
seen in Figure 3. It should be noted that no costs have been included for the transmission
of electricity, and therefore, electricity can be supplied to any demand location without
affecting the costs. For other plant locations #, all the products except electricity were
transported to the closest demand locations j (see also Figure 3): from n; to j,, from 73
to j14, from ny to j1p, and from n5 to j11. It was also found that only part of the digestate
from plants 1, and n3 was selected to meet the demand. From the other plant sites, it
was economically more advantageous to guide the digestate to the filter press, where the
digestate with a higher dry matter content is obtained. Considering that the total amount



Energies 2025, 18, 334

18 of 24

Energy and material flow from plant location n

to demand location j (GWh/y or kt/y)
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of solid digestate transported to the end users is almost three times higher than the amount
of digestate obtained directly after AD, it can be seen that it is more worthwhile to invest
money in the filter press than to sell digestate directly.

ny- jlo ny - jz ns - j1z ns - jzz ns - j14 Ny - jzz Ny - j12 ns - j11 ns - jzz
Selected links between plant location # and demand location j
M Electricity (GWh/y)  m Heat (GWh/y) W Digestate (kt/y)

Solid digestate (kt/y) ™ Hydrochar (kt/y)

Figure 5. Optimal energy and material flow between plant location # and demand location j.

The total cost of the system includes the cost of feedstocks and purchased materi-
als, transportation costs between the layers, storage costs, labor costs, discounted capital
costs, maintenance costs, other costs, and miscellaneous costs. Figure 6 shows the break-
down of all costs incurred, with depreciation costs accounting for the largest share at 33%
(20.84 M$/yr), followed by maintenance at 17% (10.70 M$/yr) and transport at 13%
(8.02 M$/yr). The cost of the feedstocks and storage costs account for about 11% each
(6.66 M$/yr and 6.64 M$/yr), while the remaining costs (other costs, miscellaneous costs,
labor costs, and costs of purchased materials) account for 15% in total.

The costs for the transportation of raw materials amounted to 3.28 M$/yr and, for the
products, to 4.74 M$/yr, of which 3.23 M$/yr was attributable to heat distribution by the
pipeline, as the construction of a new pipelines was taken into account. Road transportation
was considered for the transportation of solid digestate and hydrochar, while transmission
lines were assumed for the distribution of electricity. For the transportation of feedstocks
from i to n, only road transportation was chosen. In the superstructure, the option of
transportation via pipeline was also considered for whey and cow manure, but due to the
higher fixed costs associated with the construction of a pipeline, this was not chosen. Two
options were also considered for the transportation of the digestate, namely pipeline and
road transport, with road transport also being chosen.

To determine when the transportation of cattle manure and digestate by pipeline
is more cost-effective than transportation by road, we conducted a sensitivity analysis
comparing the transportation costs of both modes of transport as a function of distance. The
analysis was performed for a representative amount of each feedstock, namely 145.45 kt/yr
of cattle manure (the amount transported from i; to np) and 46.62 kt/yr of digestate
(the amount transported from 1, to j;). The costs were calculated for different transportation
distances, taking into account the fixed and variable cost components for both pipeline
and road transportation. Figure 7 illustrates the results of this analysis and shows the
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comparison of transportation costs for the pipeline and road transport as a function of
distance for (a) cattle manure and (b) digestate. It was found that the pipeline is the
optimal mode of transportation for cattle manure for distances of less than 2.85 km and,
for digestate, for the distances of less than 4.00 km. Since the distances between i and n
were greater than 6.33 km for all possible routes in our case study, road transportation was
selected as the optimal option for the transportation of cattle manure. For digestate, the
distances between all possible routes between n and j were also greater than 6.25 km, so
road transportation was also selected as the optimal transportation option.
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20.84 M$/y. '
33%
Other
___5.35 M$ly
8%
| Miscellaneous
1.86 M$/y
3%
__Transport
Feedstocks 8.02 M$/y
6.66 MS$/y 13%
11% /
Purcha.si:d ~" Labour 686t4011'\j§5
materials 1.86 M$/y : ; y
0.79 M$/y p 11%
1%
Figure 6. Cost breakdown.
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Figure 7. Comparison of the transportation costs for road and pipeline transport of (a) cattle manure
and (b) digestate.

Figure 8 shows the income distribution of the products supplied by all five plants
to the demand locations. The sales prices assumed in the model are 0.155 M$/GWh for
electricity [45], 0.077 M$/GWh for heat [46], 4.86 $/t for digestate [47], 11.77 $/t for solid
digestate [48], and 150 $/t for hydrochar [49]. The electricity price was determined based
on the average monthly day ahead trading prices from the Slovenian auction market. The
results show that electricity is the largest source of revenue at 42% (38.08 M$/yr), followed
by hydrochar at 30% (27.76 M$/yr), highlighting the benefits of electricity generation and
the production of hydrochar that can be used as a biofuel, soil conditioner, etc. Solid
digestate provides 16% (14.46 M$/yr), highlighting its potential for use as a soil conditioner
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or in agriculture, while heat contributes 10% (8.81 M$/yr). Wet digestate only accounts for
2% (2.15 M$/yr) due to its relatively low market value, which could be increased in the
case of dewatering. The results also show that it is important to include cogeneration in
the overall process flowsheet, as electricity and heat account for 52% of the total revenue.
However, it should be noted that the production of other alternatives from biogas, such as
pure methane or hydrogen, are not considered in this study.

Hydrochar Electricity
27.76 My, 38.08 M$/y
30% | _42%

/

Solid _—
1jl4g6e Sl\t/?sf/e Digestate | Heat
: y -
_8.81 M$/y
16% 2.15 M$ly o

2%

Figure 8. Income from various products.

Simultaneously with the optimal structure of the supply network, the optimal pro-
cess design was also determined. Figure 9 shows the optimum process flowsheet for
the plant at location ;. It can be observed that the MXR-1 unit contains 1386 kt/yr of
substrates with a dry matter content of 10.73%. In the splitter, this stream is then sepa-
rated, and the optimal solution shows that 90% of the substrate goes to AD, while the
remaining 10% goes to MXR-2 and, subsequently, to HTC. The digestate obtained from AD
(approx. 1219 kt/yr) with a dry matter content of 8.62% is then transported to PRESS, while
no digestate goes directly to the demand locations. From PRESS, solid and liquid fractions
are obtained. The solid fraction is partly used as a substrate for the HTC, and partly, it is
transported to the demand points. The liquid fraction is sent back to the MXR-1 unit and
reused as a substrate for the AD and HTC processes. PRESS produces 366 kt/yr of the
solid fraction with a dry matter content of 25% and 853 kt/yr of the liquid fraction with a
solid content of 1.6. The solid fraction is then mainly (70%) transported to the end users
(256 kt/yr) and partly (30%) to MXR-2 and then to HTC. The total amount of substrates
available for the HTC is 248 kt/yr and contains 17.04% of dry matter.

The products of the HTC are the water phase, namely 197 kt/yr, the gas phase,
which accounts for 3.34% of the total flow into the HTC, and 38 kt/yr of hydrochar with
80% dry matter content. The heat requirements are covered by heat generation in a CHP
plant. The biogas obtained from the AD is utilized within a gas engine (CHP plant),
where 49.14 GWh/yr of electricity and 59.77 GWh/yr of heat are generated. Of this,
26.16 GWh/yr of heat is used to cover the heat demand within the entire plant, while
33.61 GWh/yr remains available for distribution to the demand locations. Accounting for
the losses due to transport to the end consumers, 22.76 GWh/yr of heat was distributed
from the plant 17 to the demand location j19, which is the shortest distance away (8.04 km).
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Figure 9. Optimal process flowsheet for the AD-HTC plant at location 7.

4. Conclusions

The study presented a comprehensive approach and methodology for the simulta-
neous optimization of the biomass supply chain network and process flowsheet, which
includes anaerobic digestion, cogeneration, and hydrothermal carbonization. The integra-
tion of AD and HTC processes is essential for improving energy recovery from biomass.
However, holistic system optimization also requires an efficient supply chain, which min-
imizes transportation routes and reduces costs while ensuring a reliable feedstock flow
and strategically optimizing resource utilization to improve the overall sustainability. The
proposed MINLP model was applied to the demonstration case study, which considers a
region in the shape of a circle in Slovenia.

The optimal design of the supply network, with the locations of the supply zones,
plants, and end users and selected transportation modes and routes, is presented together
with the optimal values for the process variables to achieve the maximum efficiency and
economic performance of the whole system. The results show that biomass utilization by
AD and HTC is economically viable, with an annual profit of 23.13 M$/yr, with electricity,
hydrochar, and heat accounting for 42%, 30%, and 10% of the total revenue, respectively.
Discounted capital costs account for the largest share of annual costs at 33%, followed by
maintenance at 17% and transportation at 13%. As different transportation modes were
considered for some of the feedstocks and products (cattle manure, whey, and digestate), a
sensitivity analysis was carried out, and the breakeven point at which pipelines become
more cost-efficient than road transport was determined.

These results demonstrate the practical applicability of the proposed approach in real-
world scenarios and provide actionable insights for optimizing supply chain logistics and
process configurations. The model could support industries and policymakers in improving
resource efficiency and sustainability. Its adaptability to other regions or systems with
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similar feedstocks and logistical challenges makes it a scalable and flexible solution for
bioresource management.

Future research could incorporate environmental and social perspectives through a
composite sustainability criterion, including indicators such as greenhouse gas emissions,
land use, water scarcity, new job creation, etc., to enable a sustainability assessment of
the system. Additionally, the model could be extended to a multi-period optimization
to account for dynamic changes in prices and resource availability and to analyze the
contents of carbon, nitrogen, phosphorus, heavy metals, and other substances in digestate
and hydrochar.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/en18020334/s1: Table S1: Dry matter content of the feedstocks; Table S2:
Biogas yields from different substrates; Table S3: Methane content in biogas from different substrates;
Table S4: Conversion factors for CHP; Table S5: Data for estimating the capital costs of technologies;
Table S6: Fixed and variable transportation costs of feedstocks and products; Table S7: Costs of
feedstocks; Table S8: Selling prices for products; Table S9: Latitudes and longitudes of the edge and
center of the supply zones i at L1 and the total area of each zone; Table S10: Latitudes and longitudes
of the demand locations j at L3; Table S11: Latitudes and longitudes of the plant locations n at L2.
References [50-53] are cited in the Supplementary Materials.
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