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a b s t r a c t

For the future energy markets, where the role of fossil fuels will be minimized and district heating
systems will become more efficient through the use of waste streams, a new concept is proposed based
on tri-generation of FischereTropsch (FT) products, heat, and power. The challenge of combining the
transport sector with a District Heating (DH) network and power grid is presented in this article by
discussing the operating modes of the gasifier, FT product output (as a raw material for refinery) and
waste stream generated after the synthesis reactor, preliminary process management schemes, market
factors, and economic attractiveness. The feasibility of the concept was examined for an existing com-
bined heat and power plant in Lithuania, which could become a potential demo plant. To demonstrate
the feasibility of this concept, which may help create independence from fossil fuels through the use of
syngas (for a sudden increase in heat demand), a techno-economic assessment was performed. The
analysis of various scenarios showed that the cost of the FT product may be between 0.67 and 1.47 V/kg
for gasifier capacities ranging from 10 to 40 MW. However, the economic attractiveness assessment
revealed that the concept is profitable at a liquid biofuel (FT product) prime cost below 1.07 V/kg
(without electrolysis capability).
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In recent years, reducing greenhouse gases, promoting the use of
renewable energy sources, and increasing the energyefficiencyhave
beenamong thekeyenergychallenges inEurope [1]. The2020 target
of a 20% share of energy produced from renewable energy sources is
almost reached because in 2019 it was equal to 19.5% [2]. However,
future challenges will require significant transformations in the EU
energy system [3]. At present, European countries are focusing on
increasing the share of renewable energy sources (RESs) to 32% by
2030, attaining a growth rate of approximately 1.1% per year instead
of the previous 0.7% [2]. The national energy and climate plans of EU
member states for 2021e2030 envisage even more ambitious tar-
gets for a faster transition toRESs, as high as 33.7% [4]. The new long-
term strategic vision for 2050 sets bold challenges to European
kvor�cinskien _e).
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countries toward climate neutrality [5]. Therefore, the annual
average growth rate of RESs from 2030 to 2050 will need to be at
least 2.7% annually [2]. To face these challenges, the EuropeanUnion
Strategy [6], the Renewable Energy Directive [7], and national leg-
islations [8,9] promote the development of a sustainable energy
system and the use of energy from renewable sources. This is also
reflected in many recent works [10,11] that relate the future energy
to a 100% use of RESs. In addition, greenhouse gas emissions are
expected tobe reducedby2050 in themost extensive sector, heating
and cooling, by using RESs [12].Moreover, Europemust decarbonize
the transport sector to reach the CO2 reduction targets by 2050.
Although electric vehicles are becoming a viable solution for urban
transport, new renewable transport fuels are considered to be an
attractive option, especially in the heavy-duty trucking, commercial
aviation, and maritime sectors. According to the European Envi-
ronmental Agency (EEA), the current pace in the transport sector is
still insufficient to reach the 10% target by 2020 [2] (it was 8.9% in
2019 [13]).
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Considering these challenges and consumption trends, it is ex-
pected that the demand for RESs will increase due to the envi-
ronmental impact or political commitments [14], which leads to an
increasing need for investment. This investment can be slightly
reduced by focusing on energy-saving and energy efficiency mea-
sures. For example, investments may be directed toward the con-
sumption of waste energy, thus saving primary fuel resources.
However, to achieve a sustainable energy system, it is still neces-
sary to plan the development of advanced technologies that inte-
grate as many secondary by-products, waste streams, and RESs as
possible. In this approach, 4th generation district heating (DH)
systems [15] should also be considered, which are based on a
coherent technological concept that uses industry surplus, biomass
conversion technologies, centralized heat pumps, 2-way DH, elec-
tricity surplus, waste incineration in combined heat and power
(CHP) plants, and other future energy sources. These advanced
technologies could be best applied in the Eastern and Northern
European countries, which have well-developed DH systems [16].
Various countries, including Lithuania, implemented ambitious
plans for DH development in the 2014e2020 period and benefited
from EU investments. For example, the biomass for heat production
in Kaunas City (Lithuania) (including the incineration of municipal
waste) currently accounts for approximately 87% (2018) of the
annual heat production, although it was only 4% in 2012 [17]. In line
with the aspiration of sustainable energy, the incineration of
biomass is not the most appropriate perspective for 4th generation
systems. After analyzing various studies, it was observed that there
are significant amounts of waste heat generated in industrial plants
that are not utilized as a heat source in DH systems. J. Ziemele et al.
[18] found that 67.5 MWh of heat could be supplied to the local DH
network everymonth, which could cover from 4% to 12% of the load
during the heating season. It was concluded that the cost of waste
heat was uncompetitive with the cost of primary energy, as in-
vestments were needed in the construction of a new pipeline to
connect to the DH system at a distance of approximately 1 km.
Significantly larger waste heat streams should be considered to
increase the economic attractiveness, and given that distance has a
significant impact on payback, it should be kept to a minimum. L.
Cioccolanti et al. [19] found that waste heat recovery still increases
the efficiency of cogeneration plants and that heat from the in-
dustrial sector (e.g., from pulp and paper mills in Italy) has the
potential to save as much as 143 kTOE. To improve the energy ef-
ficiency of the plant under analysis, Marshman et al. [20] developed
an energy flow management algorithm in which waste heat was
used to ensure the demand of technological processes (for heat and
electricity generation), and surplus electricity was transferred to
existing suppliers. The DH system is well developed, and therefore
it is easy to integrate energy-saving technologies, and with the 4th
generation DH, it is expected that the efficiency will increase [21].
The hybrid combined technologies for heat and electricity gener-
ation are discussed in the work of Zhen Wu et al. [22], where their
efficiency was established by proving that their use can reduce
carbon dioxide emissions by up to 64%. For these reasons, Lithuania
is seeking new prospective technologies for the future energy
market and aims to move gradually toward a sustainable devel-
opment in the field of waste-to-energy (WtE) [23]. This study fo-
cuses on a forward-looking technology that combines heat, power,
and fuel production simultaneously (Fig. 1) while achieving the
optimal solution for all of them. The concept combines the
advanced thermochemical conversion technology with gasifica-
tion, catalytic liquefaction, electrolysis, and waste heat recovery in
order to use waste biomass in a more sustainable way instead of
direct incineration. In addition, the concept of Highly Flexible
Combined Production of Power, Heat and Transport Fuel technol-
ogy (FLEXCHX) [24] provides the flexibility to respond to changing
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consumer heat demands and can reconcile the seasonal mismatch
of surplus electricity from renewable sources.

Considering the working trends in different industrial sectors, it
is estimated that up to 40% [25] of unused waste heat may be
emitted in general. However, it should be noted that depending on
the industry profile and the technologies used, different types and
potentials of thermal energy are generated [18], which are divided
into low-temperature (<230 �C), medium-temperature
(230e650 �C), and high-temperature (>650 �C) [26]. Moreover, it
is necessary to emphasize that waste heat recovery and integration
in the local DH network will be efficiently used on-site if the energy
demands of consumers coincide.

It is often observed that the profile of industrial activity does not
coincide with the demand for heat of consumers [15]. In addition,
owing to insufficient temperatures for direct injection of waste heat
streams into DH networks, the instantaneous use of waste heat for
on-site energy generation may also not be appropriate. This di-
versity between energy demand and energy potential can be solved
using thermal energy storage or heat pumps [18]. Nevertheless,
these measures are not sufficient to achieve ambitious sustainable
energy goals. The FLEXCHX concept offers a future alternative to the
long-term strategic vision. Therefore, this research proposes to
combine the FLEXCHX concept with CHP plant operation by
recovering waste heat into the DH system and producing renew-
able transport fuel.

A review of the production of renewable aviation fuels from
biomass gasification [27] revealed that this is a new effort and that
initial plants can face integration challenges and need some time to
reach their nominal capacity. To avoid this, a detailed research is
needed, as complex hybrid concepts not only offer endless per-
spectives but also require compatibility. On this basis, this study
qualitatively assessed the various potential DH and industrial CHP
applications in Lithuania where the waste streams could be inte-
grated considering the surrounding conditions of the process. To
design a coherent production concept for cost-effective tri-gener-
ation of FischereTropsch (FT) products, heat, and power, the
operating modes of CHP plants, the preliminary process manage-
ment schemes integrating the FLEXCHX concept, and the economic
attractiveness were evaluated.

2. Methodology

2.1. Concept of flexible combined technology

To increase the share of RESs in the heating and cooling sectors,
the energy production companies are interested in new opportu-
nities. This study focuses on the adaptability of an advanced tech-
nology that integrates the FLEXCHX concept (Fig. 2) into CHP plants
and industrial sites. The concept [24] combines different technol-
ogies such as gasification [28], FT synthesis [29], and electrolysis
[30] by arranging thework regimes. In general, biomass gasification
and FT synthesis plants cannot be considered especially flexible
because they produce fuels and by-product heat at constant ca-
pacities. The flexibility of the FLEXCHX concept is based on the
possibility of operating the same plant under different scenarios. In
terms of the flexibility of this highly innovative technology, the core
of the FLEXCHX concept focuses on the FT conversion unit, as
shown in Fig. 2, under the base scenario A (Fig. 2). This FT synthesis
reactor has the ability to receive supply flows of syngas in the range
of 30%e100%. Hence, at peak power and heat demands, the FT
conversion unit can be bypassed and the syngas can be supplied
directly to the CHP plant to maximize the heat and power pro-
duction rapidly. However, the consumption of syngas for heat
production responds to the output of the main hydrocarbon
products, the so called FT products. Such a scenario is also



Fig. 1. The concept of a highly flexible combined technology (FLEXCHX) [24].

Fig. 2. Combined hybrid process integration into the DH system (FLEXCHX).
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considered in this work and is named scenario B (Fig. 2), which
gives priority to the use of syngas for heat production (Fig. 2).
Nevertheless, this short-term redistribution of flows inside the
FLEXCHX block allows a flexible response to changes in consumer
heat demand without interrupting the stable gasification process.
Thus, the proposed system makes it possible to smooth out fluc-
tuations in heat capacity in response to the changing demand of
heat consumers. For a long time, it has been accepted that the
suddenly changing demands of consumers can only be met with
the use of natural gas boilers. The proposed alternative allows en-
ergy companies to eliminate the use of natural gas for heat pro-
duction, replacing it with syngas. This variation may prove that
954
independence on fossil fuels can be reached in heat generation
sources such as boiler houses and CHP plants by integrating the
FLEXCHX concept.

Considering that the gasification and FT process concepts have
many design and operation alternatives, the composition of the gas
may also vary depending on the use of gasification agents (oxygen,
air, steam, recycled CO2) to ensure the best options for other pro-
cesses. Various biomass residues and organic waste fractions are
being gasified using a new two-stage fixed-bed (SXB) gasifier [24]
(developed at the Technical Research Centre of Finland Ltd, Finland
(VTT)). In terms of the conversion efficiency, it is known that the FT
synthesis reaction depends on the H2/COmolar ratio of the gas [31].
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By approaching a gas ratio close to 2, the conversion becomes more
efficient owing to the increasing FT product yield. Nevertheless, a
molar ratio larger than 2 is not required in FT synthesis. Considering
that the H2/CO ratio in the syngas can be changed by boosting with
higher hydrogen content, the electrolysis unit can allow this to be
achieved. However, to achieve a cost-effective process, this unit
should operate by consuming surplus electricity from an RES when
it is cheapest.

Another alternative for increasing the H2/CO molar ratio is the
use of steam [31] on the gasifier instead of an additional electro-
lyzer unit. The main difference in these ways of increasing
hydrogen is the gas yield, despite the uniform H2/CO molar ratio,
which in both cases can become close to 2. In addition, steam as a
gasification agent is very important for the gasification process not
only for hydrogen generation [32] but to avoid ash sintering [33].
However, it has been observed that an excessively high steam feed
rate can result in increased O2 consumption and reduce the gasifier
efficiency.

Experimental insights obtained by the VTT [24] show that high
energy conversion efficiencies for liquid FT products can be ach-
ieved through the use of biomass alone and by the integration of
biomass gasification and electrolysis. This depends on the sur-
rounding conditions created by varying from high oxygen purity to
enriched air gasification. It can be noted that the advantage of
electrolysis is not only the production of hydrogen but also by-
products such as oxygen, which is particularly important for the
gasification process throughout the years.

In this concept of combined heat, power, and fuel production,
the main focus is on the efficient production of the FT product,
which as a renewable transport fuel is considered to have a higher
value than power and heat. Furthermore, in the FT synthesis, the
by-product steam is produced when the exothermic reactions are
cooled [35], and an energy-containing tail gas flow is also gener-
ated. To increase the energy efficiency, these waste streams should
be utilized onsite. Such technology could be integrated into small-
and medium-size CHP plants, biowaste plants, or decentralized
areas as an additional renewable energy or biofuel source for en-
ergy and transport systems.

2.2. Application cases of the FLEXCHX process

The preliminary process design was made by the VTT [24] for
different application cases of the FLEXCHX process depending on
the boundary conditions:

� Case 1: base case with biomass alone, enriched air gasification,
and once-through FT synthesis.

� Case 2: maximized production of FT hydrocarbons from biomass
using pure steam/O2 gasification and recycling FT waste gases
back to the gasification process.

� Case 3: electrolysis-assisted FT production targeting the maxi-
mized conversion of biomass to FT hydrocarbons during the
solar energy dominating season.

Case 1 (Fig. 2) will be analyzed as the base case and will most
often be described as the current season. With the absence of
surplus electricity in Lithuania, especially during the winter period,
it is difficult to expect to apply the case with an electrolysis unit;
therefore, Case 1 could be evaluated for the period up to 2030.
Additionally, if steam or hot water boilers without electricity pro-
duction are applied, electricity must be purchased from the grid in
addition to the biomass input. In Case 2 (Fig. 2), the quantity of by-
products is significantly reduced owing to the return of FT waste
gas to the gasification processes, but this solution increases the
yield of FT products, which have the highest energy value.
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Therefore, if the case is oriented to the demand of the heat con-
sumers without disturbing the production of the main FT product,
then the capacity of the gasifier should be selected according to the
thermal capacity during the summer season. Considering that
significant changes will take place in the energy market in 2030,
the surplus electricity could be used to ensure the operation of the
electrolysis device and the gasifier, which is important for the
operation mode of Case 3 (Fig. 2).

There are no constraints on switching from one case to another,
but control of the whole FLEXCHX process needs to be integrated
into the CHP in order to react quickly to changes in energy markets.
To achieve the best controllability and flexibility of the FLEXCHX
control system, the entire system must be divided into separate
distributed control system (DCS) subsystems, as well as should
have main nodes with separate programmable logic controllers
(PLCs). The control system of the process should be split into the
following subsystems:

✓ Biomass feeding: controls the biomass preparation and handles
processes such as drying, crushing, and supply of biomass to the
gasification process.

✓ Gasification and gas cleaning: control the SBX gasifier and
biomass gasification process, as well as gas cleaning.

✓ FT Synthesis: controls the FT synthesis, which is load-flexible,
matching the flexibility of the gasifier (30%e100%).

✓ Electrolysis: controls the electrolysis process, which is load-
flexible (10%e100%). From a process control point of view, the
electrolysis process control is foreseen as a separate and inde-
pendent control (black box).
2.3. Possible FLEXCHX integration cases depending on the market
structure and integration level

The economic performance of the proposed solution depends
heavily on the technical conditions and on a set of additional factors
such as market structure, price setting mechanisms, state support
availability, and taxation issues. Although the rules in usually in-
tegrated electricity markets are more or less similar in different
locations across Europe, the behavior of DH market participants
might be very different depending on the properties of each
particular system and the rules used in its operation. This may also
affect the economic performance of the FLEXCHX concept in each
case.

Various possible situations could be analyzed using a two-
dimensional system with different degrees of integration to the
DH network and different degrees of competition in the DHmarket
(see Fig. 3). The vertical axis in Fig. 3 represents the degree of
competition, with strictly regulated and, in many cases, monopo-
listic markets as an extreme point. A pure competition market
represents the opposite extreme, with many independent heat
producers competing in the DH market. Although the FLEXCHX
process is expected to be technically connected to a DH network,
based on its owner's interest and relationship with a DH system
operator, real integration to the system may range from full inte-
gration to full autonomy.

The case of full integration and strict regulation (lower-left
quadrant in Fig. 3) means that the interests of the FLEXCHX owner
fully correspond to the DH system operator's interests. In this case,
the FLEXCHX process is used as part of the system to ensure the
reliable operation of the DH system. In such a case, the cost
coverage and some regulated profit are usually guaranteed by the
legislation and verified or approved by regulating institutions.
When the integration with the DH system operator is not as strong
(right part of Fig. 3), the FLEXCHX system is free to maximize its



Fig. 3. Possible FLEXCHX integration cases depending on the market structure and integration level.
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own profit by choosing the operation mode. Its contribution to the
DH system depends on the financial incentives provided. In a
competitive market (upper-right quadrant in Fig. 3), the FLEXCHX
operator participates in the DH system as an independent heat
producer. It is worth noting that the FLEXCHX system operator
would likely control some other DH system units. Therefore, it
would orient the strategic behavior in a competitive DH market
toward profit maximization of the entire suite.

In a competitive DH market, the interest of market participants
may diverge. In addition, a competitive market can be organized in
different ways, that is, using auctioning rules and defining market
participants' responsibilities. The upper-left quadrant of Fig. 3
represents the situation of FLEXCHX in the Kaunas DH system:
there is a highly competitivemarket (not only the network operator
produces heat but also several participants compete in the market;
the available generation capacity exceeds the demand for heat; the
market is not dominated by a single producer) and FLEXCHX is at
the network operator's disposition. Thus, the needs of the DH
network must be prioritized. In this case, the FLEXCHX system
needs to work along with other units that are directly controlled by
the DH system operator and react to the behavior of independent
market participants. For example, in the case of a sudden discon-
nection of an independent heat producer, FLEXCHX might be
required to compensate for the capacity loss.

In this analysis, the peculiarities of local conditions are explicitly
or implicitly reflected. Owing to competition in the market, the
network operator and, consequently, the operator of the FLEXCHX
unit are unable to set heat prices. Thus, it is assumed that price
takers follow exogenously defined prices. The legislation in
Lithuania provides different options to reduce corporate income tax
levels (there are incentives for research and development activities,
investments in technological renewal, etc. [38]). In fact, the activity
(and sometimes creativity) of management plays an important role
in the optimization of taxes. Therefore, corporate income taxes
were not included in the analysis, assuming that the possible op-
tions to minimize taxation are employed to the level that makes
profit taxes negligible. However, the government supports various
innovation activities. Therefore, the economic analysis of all cases is
performed considering an additional scenario that assumes that a
subsidy for the demonstration plant (25% of the investment) is
provided.

The economic analysis in the present study also assumed pure
competition in other markets, which means that the FLEXCHX
system is unable to affect market prices of products sold, but pro-
duction cost and, consequently, other indicators may differ
depending on the situation in each case considered. The main in-
dicators considered were the payback period that shows the time
956
needed for an investment to be returned to the investor and the
internal rate of return (IRR) that allows a quick comparison of
different investment projects. These indicators were calculated
using annual cash flows of the investment project. Payback period
is assessed by calculating cumulative cash flow for each year, while
the IRR was calculated ensuring that the net present value of the
investment project under certain IRR value is equal to zero.

To enable comparisons of different cases, the surrounding
environment is fixed (i.e., district heat, FT product prices do not
differ depending on the case analyzed). It is worth to note that the
results of the calculations are heavily influenced by the assump-
tions about such external factors as the market price of the FT
product for which an additional analysis was performed.

To validate the inclusion of the FT product in the market as a
feedstock, the quality of the raw materials is important for the re-
finery, and it is necessary to evaluate the investment in additional
refining, logistics requirements, and raw material competitiveness.
In oil refining processes, it is necessary to avoid acid components,
metals, and especially olefins in the feedstock, which may cause
process challenges and require additional hydrogenation. Studies
[35] on the rawmaterial (FT product) have shown that this product
most often does not contain the above-mentioned additives and is
practically sulfur-free, although it may contain small amounts of
olefins. Furthermore, it does not contain any other harmful com-
ponents and, therefore, is potentially suitable for co-refining in-
stallations. As a result, the raw feedstock becomes more
competitive in the market, and it is an attractive alternative ma-
terial for existing refineries. In terms of the competitiveness of
alternative liquid biofuels, it is difficult to expect their price to be
lower than the price of oil. It is expected that in 2021 the price of
crude oil will range from 50 to 66 USD/bbl, which corresponds to
approximately 0.31e0.40 V/kg. Despite the low price of oil, the
current transport fuel market is facing very important changes to
the RED II Directive [36]. The changes relate to the traceability
requirement for renewable energy sources in transport fuels, which
has not been implemented so far, and therefore, the development
of raw materials from renewable sources has not been encouraged.
A compliance obligation with the standards would increase the
prospects of the integration of raw materials from renewable
sources, including the prospects for FT production. The market
analysis revealed that the demand for raw materials such as palm
oils [37], which are also not cheap in the market, is growing. In
2019, the price [38] of palm oil was 430 V/t, and in 2020, it was
already 896 V/t for the same raw material, and it was still growing.
On this basis, the calculations assumed that the price of the FT
product to the refinery would be 850 V/t.
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2.4. CHP plant sustainable for FLEXCHX concept

In the two largest cities of Lithuania, Vilnius and Kaunas, natural
gas was used until 2012 as the main fuel for heat production in the
DH system. To implement the EU environmental requirements, the
heating sector has undergone changes that aim to replace fossil
fuels with renewable fuels. The Kaunas DH company has set
ambitious plans for DH development and has made use of EU in-
vestments; currently, biomass accounts for approximately 87% of
annual heat production [17]. The final target of this company is to
produce 100% of the heat using renewable energy sources. For this
reason, Lithuania is an example of a country where the present
energy policy and infrastructure are favorable to the market entry
of FLEXCHX technologies; therefore, one of the cities, Kaunas, will
be analyzed in more detail.

To evaluate the integration ability of waste streams and their
demand, a detailed review of heat producers was carried out
considering the location, installed heat capacity in the power plant/
boiler houses, facilities, and liabilities of heat production to in-
dustries. Despite the huge thermal capacity (over 2000 MW)
installed during the Soviet period, the thermal capacity of peak
demand in Kaunas City is only 500 MW [17]. It is important to note
that the average thermal capacity demand during the heating
season in Kaunas city is approximately 200e250 MW [39], while
biofuel boilers are currently operated at approximately 340MW. All
the other facilities operate with natural gas. It is obvious that the
capacity of existing facilities significantly exceeds the heat demand
of Kaunas City. In the heat market, the heat price [17] depends on
the conditions created by competition. For this reason, during the
summer, when the thermal capacity demand is less than 50 MW,
the price is the lowest, while the competition is fierce; therefore,
most of the facilities are unused. However, during the winter
period, there is no competition during peak periods, which allows
prices to rise. In pursuit of a low-price policy, it is desirable to
integrate new technologies that reduce not only the heat price for
consumers but also allow facilities to be beneficially loaded by
directing work to the production of the most needed product at the
time.

After evaluating the capacities of different CHP plants [40] in
Lithuania, the Petra�si�unai Power Plant (Petra�si�unai CHP) in Kau-
nas City was chosen for the analysis of the integration of FLEXCHX.
This CHP plant (Table 1) (installed thermal capacity: 295 MW, po-
wer capacity: 8 MW) is integrated into the DH network of Kaunas
City. In addition, this heat producer (Fig. 4) is one of the main
components in the Kaunas city system and is responsible for
providing the reserve of thermal power, because it balances the
heat production (it works as an operator) of all the DH networks.
The main facilities for heat and power production at the Petra�si�unai
CHP are presented in Table 1.
Table 1
Data of Petra�si�unai Power Plant facilities (provided by JSC Kauno Energija).

No. Heat Generation device Installation year Last overhaul Installed cap

MW t/h

1.1. Boiler BKZ 1956 2011 75
1.2. Boiler PTVM 1963 2010 116
1.3. Boiler PTVM 1965 2010 116
1.4. Boiler VHB 2015 12
1.5. Boiler VHB 2015 12
1.6. Boiler GM-HHB 2017 18
1.7. Economizer KDE CEG 2014 10
1.8. Economizer KDE CEB 2015 6
1.9. Economizer KDE CEG 2017 1.8
1.10. Turbo generator 1957 1998

Total: 291.8 15
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The total capacity installed at the Petra�si�unai CHP is 295 MW (of
which 24 MW corresponds to biofuel boilers, and 6 MW to the
economizer). The annual load duration curves (Fig. 4) represent the
heat production mode at the Petra�si�unai CHP in recent years. This
can be divided into three operating modes. By operating the power
plant in a basic operating mode during the winter period, the po-
wer plant constantly ensures the fulfillment of demand for
approximately 30 MW (biofuel boilers and economizer) of thermal
power. As the Petra�si�unai CHP balances production in the network,
in the case of a sudden increase in demand for thermal power in the
city (up to 100 MW), the heat producer must cover the resulting
fluctuations. To ensure the response to a sudden change in the
demand for thermal power in the CHP, natural gas PTVM boilers are
used (for the smallest fluctuations, GM-HHB units are used).

According to Fig. 4 (PE_B), the maximum power fluctuation in
such cases reached 40 MW, which is only 6.7% (11515 MWh) of the
total amount of heat produced. An 18MWnatural gas boiler is used
to regulate insignificant power fluctuations. The workload of this
boiler was not significant, and the approximate amount of heat
produced was only 1.2% (2017) of the annual heat production. The
average heat capacity was approximately 6.6 MW (the load varies
from 0.9 to 18 MW). During the summer period, if there is a lack of
heat power or whenever repair works are implemented in other
boiler houses, the Petra�si�unai CHP (which is in a strategically
chosen place) works using its biofuel boilers.

By observing the dynamics of the operating modes of the heat-
generating equipment in Fig. 4, it can be found that the change in
capacity using natural gas amounted to 90 MW (Fig. 4; PE_C).
During certain periods, owing to the influence of the factors of free
competition in the market, the heat production was carried out
using the natural gas installation, not only to compensate for
fluctuations (Fig. 4; PE_A) but also for continuous heat supply
assurance.

In this study, an alternative for the analysis is adopted, where
the small fluctuations in thermal power are covered by a low-
capacity gas boiler (18 MW). The high-capacity boilers (116 MW)
would be adapted to the combustion of syngas and waste gas, ac-
cording to the need, when the minimum thermal power require-
ment is at least 20 MW. If the quantity of waste gas and syngas is
insufficient, natural gas is inevitably used to attain the required
thermal power. Independence from natural gas usage can be ach-
ieved only by increasing the gasifier capacity. This can be realized
by installing a gasifier with a capacity of at least 40 MW.

Because the main product, generally the FT product, is obtained
during the thermochemical process because of exothermal re-
actions, considerable amounts of steam are generated, which
would also be used on the heating surfaces. To accomplish this, it is
also necessary to calculate the costs of the specific equipment
installation and labor costs.
acity Power by fuel type

Biofuel, MW Oil Fuel, MW Natural gas, MW Liquid fuel, MWsteam

50 57.8
80 98
80 99

12
12

18 18

0 24 210 272.8 18



Fig. 4. Annual heat production demand at Petra�si�unai power-plant (provided by JSC Kauno Energija).
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2.5. Product output capacity by integrating the FLEXCHX concept

Considering that the Petra�si�unai CHP requires a very flexible
operating mode, and that the FLEXCHX concept aims to optimize
the use of energy resources, the capacity range of the gasifier
should cover the fluctuation range of the thermal power. In addi-
tion, considering the typical load duration curves, the capacity
ranged from 30 to 120 MW during the winter season, although the
more intense capacity variation can be set in the range of
40e70 MW. Based on this condition, the limits of the analysis were
defined, and it can be said that the optimum capacity of the gasifier
may be in the range of 10e40 MW. Based on the FLEXCHX basic
process concept (base scenario A) and CHP plant capabilities, the
product outputs (Fig. 5) are presented considering the capacity of
the gasifier and the different concept cases. The biofuel selected for
the analysis was residual wood&bark with a moisture content of up
to 50%. The net calorific value (LHV) of this biofuel was set at 8.7MJ/
kg. Due to the very high moisture content of biomass waste, it
needs to be dried to a nominal moisture content suitable for gasi-
fication (around 10%). would be ensured by low-temperature waste
steam. This has been taken into account and this heat content is not
Fig. 5. The capacity of product outputs (provided
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included in the product outputs. The need for electricity depends
on different scenarios, and this will be discussed in detail in the
economic evaluation section.

It is worth mentioning that the analysis of the selected potential
site data and FLEXCHX concept integration is based on actual ca-
pabilities, that is, it is limited by real parameters such as capacities,
streams, heat, and power production. Given that the annual load
duration curve (Fig. 2; PE_B) represents the workload scenario, it
was used as the base curve for the calculations. In addition, it is
necessary to note that the accepted maximum heat demand is
172673 MWh regardless of the heat source used.

The following conditions were assumed for the technical
assessment, which affected the calculation results:

a) The flexible working mode of the gasifier was adapted to ensure
fluctuations in the heat capacity when the required load was
over 30 MW. To cover the fluctuations of the heat demand, the
syngas might be supplied directly to the CHP plant to maximize
the heat and power production rapidly, thus by-passing the
synthesis unit (scenario B). The maximum capacity of the
gasifier is 40 MW to achieve independence from fossil fuels.
by VTT Technical Research Centre of Finland).
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b) Low-calorie gas (as the waste gas) can be burned in the natural
gas boilers using the existing burners, which should be adopted
for burning these gases when the hat demand is over 30 MW. If
the required total heat demand from customers is less than
30 MW, the waste gas can be directly supplied to the biofuel
furnace for burning. It can partly substitute the biofuel used for
heat production in the existing biomass boilers, but the biomass
savings have not been assessed.

c) If the economic assessment reveals that the use of syngas to
ensure power fluctuations (by scenario B) would not be
economically viable, then the syngas supply option for unex-
pected heat demand would be considered ineffective. In this
case, the output of the FT products and by-products would be
generated evenly throughout the year.

In order to make efficient use of waste energy sources, it is
necessary to take into account the ratio between the waste stream
generated Qgen (potential) and the waste stream consumed Qconsum

(used). The efficiency criterion of waste stream integration Qefect

can be calculated using equation (1),

Qefect¼Qgen/Qconsum (1)

where Qconsum is the consumed waste stream, in MWh, and Qgen is
the generated waste stream, in MWh.

3. Results

3.1. Technical assessment of waste streams integration possibilities

The technical capabilities considering the product outputs
(Fig. 5) were evaluated to integrate the waste streams into the CHP
plant. This assessment allowed us to understand how the heat
production in the individual heat generation facilities would
change by integrating the waste streams into the Petra�si�unai CHP.
For example, waste gases with low calorific value can be utilized in
three separate options: 18 MW gas boilers, 116 MW gas boilers, or
12 MW biofuel furnaces. The utilization of gases in the biofuel
furnace when gaseous recirculation products are directly supplied
together with low calorific value gases is a low-price alternative
that provides unrestricted realization of waste streams. However,
the use of gas boilers for the combustion of waste gases requires
large investments because reconstruction of the burners is needed.
Table 2
Heat production by heat generation sources at Petra�si�unai power-plant.

Heat sources Actual data Gasifier 10 MW

MWh % MWh %

Total heat production 172672 100 172672 100
CASE 1
Nat. gas boilers (PTVM) 8559 5.0 5087 2.9
Nat. gas boiler (GM - 18 MW) 2085 1.2
Waste gas/waste heat e - 27720 16.1
Biofuel boilers 162028 93.8 133436 77.3
Syngas e - 6428 3.7
CASE 2
Nat. gas boilers (PTVM) 8559 5.0 5087 2.9
Nat. gas boiler (GM - 18 MW) 2085 1.2
Waste gas/waste heat e - 15535 9.0
Biofuel boilers 162028 93.8 145621 84.3
Syngas e - 6428 3.7
CASE 3
Nat. gas boilers (PTVM) 8559 5.0 5087 2.9
Nat. gas boiler (GM - 18 MW) 2085 1.2
Waste gas/waste heat e - 33885 19.6
Biofuel boilers 162028 93.8 127271 73.7
Syngas e - 6428 3.7
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In addition, consideration of the maximum and minimum
permissible load capacity of the boiler is required. Because the
possibility of syngas usage is considered and the power plant has
gas boilers, it is much more favorable to adapt the gas burners. The
exploitation of the biofuel furnace is still considered an option in
situations where very small streams are generated and the gas
boilers are lightly loaded. However, regardless of the selected
alternative for gas utilization, an automated gas management sys-
tem must be installed in the entire power plant. It would be
counted as an additional cost for plant development in order to
implement the FLEXCHX concept. If the option of utilizing waste
gas in the natural gas boilers is chosen, the burners must be
adapted to the combustion of waste gas and syngas after assess-
ment of the additional investments required.

The heat production in different heat generation sources was
recalculated for three different cases with different gasifier capac-
ities, and the results are presented in Table 2.

According to the results obtained (Table 2, Fig. 6), the amount of
waste energy streams depends on the FLEXCHX unit capacity,
which also impacts the heat generation in the other sources.
Although the changes in the cost of heat will be noticeable, and
they will be lower than the market price, the biggest advantage of
this project is that it involves sustainable energy, which is strongly
related to the 4th generation DH approach. The fact that primary
energy sources are not used for energy production and secondary
by-products are used leads to savings of natural resources and
contributes to climate change mitigation.

After evaluation of the technical capabilities to vary the heat
generation operating modes by changing the feeding of different
primary and secondary energy sources, it was concluded that
implementation of the concept in the power plant within the set
limits of the plant is technically feasible. However, to achieve
effective utilization of waste energy sources with optimum fa-
cility loads depending on the consumer demand curve, it is also
necessary to consider the value of the generated waste stream
(potential) and consumed (used) waste stream. This efficiency
criterion of waste stream integration Qefect is calculated by
equation (1). The results are shown in Table 3. The closer the
value of this ratio is to 1, the greater the amount of waste stream
consumed. This criterion can also affect the selection of the ca-
pacity limits of the gasifier to obtain the greatest economic
returns when the efficiency of the utilization of waste energy
sources is the highest.
Gasifier 20 MW Gasifier 30 MW Gasifier 40 MW

MWh % MWh % MWh %

172672 100 172672 100 172672 100

1523 0.9 78 0.05 e -

52737 30.5 75953 44.0 98292 56.9
108419 62.8 85204 49.3 62864 36.4
9993 5.8 11437 6.6 11516 6.7

1523 0.9 78 0.05 e -

30949 17.9 45018 26.1 58330 33.8
130207 75.4 116138 67.3 102826 59.6
9993 5.8 11437 6.6 11516 6.7

1523 0.9 78 0.05 e -

63516 36.8 91409 52.9 118145 68.4
97640 56.5 69748 40.4 43011 24.9
9993 5.8 11437 6.6 11516 6.7



Fig. 6. Waste heat distribution depending on the gasifier capacity.

Table 3
Volumes of waste streams integration into CHP.

Gasifier capacity Waste heat capacity Heat potential Used heat Efficiency

MW MW MWh MWh MWh/MWh

Case 1
10 4.27 37440 28018 0.75
20 8.55 74880 53251 0.71
30 12.82 112320 76690 0.68
40 17.10 149760 99243 0.66
Case 2
10 2.37 20716 15535 0.75
20 4.73 41432 30949 0.75
30 7.10 62148 45018 0.72
40 9.46 82865 58330 0.70

Case 3
10 5.20 45541 33885 0.74
20 10.40 91081 63516 0.70
30 15.60 136622 91409 0.67
40 20.79 182162 118145 0.65
Actual data
Total heat production to CHP e 172672 MWh.
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Because the heat demands of consumers change during the year,
the waste energy stream consumed in the evaluation of the power
plant was based on the annual load duration curve (Fig. 6), as
presented in Table 3.

During the summer season, the heat demand is significantly
reduced because most boiler houses are often switched off.
Therefore, the use of waste heat streams may be ineffective if the
initial capacity of the gasifier is excessively high. The heat utiliza-
tion efficiency (Table 3) of waste streams was calculated in the
analysis and for this particular case, it was between 0.75 and 0.65.
To achieve a price of the integrated heat that is competitive in the
heat market, the efficiency would reach 1 and heat production
would be increased by 35% of the total heat. Competition, which
dictates the market conditions, is one of the advantages of a large
number of small heat producers in the DH network. Therefore, the
possibility of using waste streams at the CHP plant would mostly
depend on the heat price in the market.
960
The main highlights of this technical assessment are as follows:

� The capacities of the gasifier are within the range of 10e40 MW,
which was selected based on the heat demand fluctuations.

� The gasifier might meet a peak demand for thermal power by
directly utilizing syngas in the boilers. Peaks account for just 6%
of the total demand; therefore, FT product productionwould not
be significantly affected. The FLEXCHX concept allows a more
flexible and faster response to changes in consumer heat de-
mand compared with biofuel boilers, and it would provide in-
dependence from fossil fuels by using biomass.

� Waste streams can be used all year round, which would also
provide the possibility of a flexible response to minor power
fluctuations. The potential ranges from to 5e20 MW depending
on the installed gasifier capacity.

� To ensure the operation of the gasifier, an additional power
input is required.
3.2. Economic assessment of waste streams integration possibilities

This research presents studies on the integration of waste
streams into the Petra�si�unai CHP in Kaunas City, Lithuania. It is
essential to design a coherent production concept for cost-effective
tri-generation of FT products, heat, and power. On this basis, the
economic attractiveness was assessed in terms of operating modes,
preliminary process management schemes, by-products and FT
product streams, electricity and heat markets, and other sur-
rounding conditions. In addition, we qualitatively assessed the
various potential DH applications in the Petra�si�unai CHP, where the
waste streams could be integrated considering the conditions of the
process. Undoubtedly, this research aims to prove that the depen-
dence on fossil fuels can be reduced in heat generation sources such
as boiler houses and CHP plants by integrating the FLEXCHX
concept. This option is offered by combining the operation of a
syngas conversion unit (FT synthesis) with a sudden demand for
heat. Integrating the concept into the CHP plant (the same situation
might also occur in boiler houses) would eliminate the use of
natural gas in heat production, replacing it with syngas. An
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economic assessment was performed to determine whether syn-
thetic gas would be economically attractive to cover heat demand
fluctuations. However, it should also be understood that the use of
syngas is directly dependent on the operation of the FT unit
because it reduces the production of the FT product (alternative
renewable fuels for transport) as a basic product and consequently,
the waste streams.

The economic evaluation was performed considering the con-
ditions presented in the technical assessment, such as working
modes, yields of by-products, and main FT product streams ob-
tained through the FT reaction. Investments in the complex
FLEXCHX were assessed according to the literature [41], where the
average investment value of similar technologic components is
described. These investments were recalculated by adopting scale
factors (SF ¼ 0.8) [42] for the respective chosen capacity. To reduce
the investment value, the possibility of FLEXCHX unit integration in
the present Petra�si�unai CHP with a well-developed industrial
infrastructure (biofuel supply system, DH system, and a great in-
dustrial location) was considered. According to the listed assump-
tions, investments for realization of the FLEXCHX concept
amounted to 2.02 MV/MW per biomass input. In addition, when
calculations were made, it was confirmed that the direct capital
costs (see Table 4) are the same for both Case 1 and Case 2.

In terms of the operating mode of Case 3, the direct capital costs
are significantly higher compared to those in the cases mentioned
above, because the additional investment in the electrolyzer block
was included in the evaluation. It is no secret that the green
hydrogen extracted by means of electrolyzer blocks can ensure
decarbonization in the industrial sector; moreover, it has been
observed recently that costs have decreased dramatically along
with the growing assets of renewable energy. The investment cost
in the electrolyzer was obtained based on a comparative analysis
carried out by Saba et al. [43] by reviewing the advantages and
disadvantages of polymer electrolyte membranes (PEMs) and
alkaline electrolyzer equipment. On this basis, the cost of the
electrolyzer was assumed to be 500 V/kW. The direct capital cost
data are presented in Table 4.

According to the economic evaluation, themanufacture of liquid
biofuels such as FT products has a relatively high cost. Shale oil
fracking [40] is a much cheaper process and therefore it would pay
back more rapidly; however, this technology poses many threats to
sensitive lands that are too wild to drill. In the search for more
sustainable technologies, it can be said that FLEXCHX stands out for
its potential of application in various fields, and therefore, it allows
the achievement of sustainability in different industries simulta-
neously (heat, power, steam for industry, refinery). Owing to the
complex technologies used, which require high investment, it may
be necessary to obtain state support (state subsidy) to justify the FT
product. This is significant not just because innovative technologies
that use renewable energy sources are developed, but also because
they contribute to solving national challenges and have global
importance in the environment.

Based on the state support model discussed above, economic
calculations were performed to evaluate the financial
Table 4
Direct capital costs according to cases (suitable for both scenarios), support, operating m

Gasifier capacity, MW 10

Case 1, Case 2
Direct capital costs without support, MV (scenario A and B) 26.7
Direct capital costs with support, MV (scenario A and B) 20.0
Case 3
Gasifier capacity 10
Direct capital costs without support, MV (scenario A and B) 31.7
Direct capital costs with support, MV (scenario A and B) 23.7
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attractiveness when support was received (up to 25%) compared to
when it was not. In addition, it is worth mentioning that the in-
vestments in base scenarios A and B (Fig. 2) are the same.
Furthermore, in both scenarios, the additional cost of the FLEXCHX
unit integration into the CHP plant is included. The direct capital
costs of all the discussed scenarios (base scenario A and scenario B),
operating modes (Case 1, Case 2, Case 3), and capacities of the
gasifier (in the range from 10 to 40 MW) are presented in Table 4.

It is known that costs consist of fixed and variable parts. The
operating expenses (OPEX) were estimated taking into account the
potential variable costs to ensure the ongoing processes, and the
fixed costs were assessed to cover the costs of continuous opera-
tion. The variable costs are those incurred for the use of fresh and
waste water, gas cleaning, electricity cost, maintenance materials,
troubleshooting, and biomass costs. These costs are constantly
variable, depend on the technology used and capacity of the
equipment, and can fluctuate significantly over the years.

The annual variable production costs for 1 MW of gasifier ca-
pacity are presented in Table 5. It is necessary to mention that in all
calculations, it was assumed that the operating time of the plant
was 20 years, and the discount rate was 0.05 (5%). It was also
assumed that the working time of the FLEX unit would be the
maximum, which means that the equipment will work without
interruption for 8760 h per year. All production costs (for water, gas
cleaning, maintenance materials, electricity) are based on the
actual consumption of the 1 MW pilot version of the SXB gasifier
depending on the prices in Lithuania on 2021 01.

In terms of fixed production costs, it was assumed that they did
not change for a gasifier capacity in the range of 10e40 MW. These
costs include staff salaries, their training for the first five years from
the start of implementation, and insurance costs. The fixed pro-
duction costs are presented in Table 6.

To be competitive in the heat market, it is important tomaintain
the price of heat in a low position. This possibility can be offered by
the FLEXCHX concept, which allows for a more flexible response to
the changing demands of heat consumers and for more sustainable
heat production methods using waste sources. One of the advan-
tages is that when there is high competition, waste heat can be
offered at a price lower than the market price. Conversely, when
competition is low, waste heat can be sold to consumers at market
prices. Considering the above discussed circumstances inwhich it is
difficult to estimate dynamic changes in the heat price, it was
assumed in the economic calculations that all heat would be sold at
a market price of 3.71 V/MWh [44] (2021, Kaunas city, Lithuania)
for the entire assessment period. The heat price in Kaunas is quite
low because there are many heat producers (more than ten) in the
DH system, and the installed capacity of heat sources exceeds the
demand of consumers, which results in strong competition. For
these reasons, offering a low price of heat is a priority for all heat
producers.

Assessing the waste heat potential, it was found that the effi-
ciency of waste heat integration in the Petra�si�unai CHP is approx-
imately 70%e75%. It was also determined that the surplus waste
heat, if any, would be directed to the steam turbine (8 MW) at the
odes, and capacities of the gasifier.

20 30 40

46.4 64.2 80.8
34.8 48.1 60.6

20 30 40
56.4 79.2 100.8
42.3 59.4 75.6



Table 5
Variable production costs (V/MW) per year.

Relation Costs, V/MW (Case 1, Case 2) Costs,
V/MW
(Case 3)

Annual price increase, % Notes

Variable production costs Fresh water 23 750 25 486 1% annually Cost increased
Waste water
Gas cleaning utilities
Maintenance materials 0.5% annually
Electricity for gasifier e Usage of surplus electricity
Water suitable for electrolysis e e No changed
Electricity for electrolysis e 617 009 Pessimistic/optimistic scenario From grid 0e70 V/MWh
Biomass feedstock 95 370 3% annually Biomass price

11 V/MWh
Total variable production costs, V/MW per year 119 120 737 865 e The cost trend is upward
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CHP plant to generate electricity. It can also be mentioned that
higher priority was given to heat energy than to electricity, in line
with the 4th generation system in DH networks. Therefore, part of
the electricity demand of the gasifier will be met by surplus
resources.

In terms of electricity, it can be said that the FLEXCHX unit itself
is also a consumer of electricity. Therefore, to ensure the operation
of the gasifier, most of the surplus electricity is consumed by the
unit itself for its own demands. However, sometimes, the demand
may not match the volume of electricity produced. Thus, the eco-
nomic calculations assumed that, if electricity is not used, the
surplus electricity could be sold to the grid at a price of 66 V/MWh
[45]. Conversely, if there is a lack of energy, electricity would be
purchased from the grid to ensure the operation of the FLEXCHX
unit.

In terms of turbine capability, it was determined during the
technical assessment that the turbine has sufficient capacity to pass
the surplus steam flow; therefore, there are no technical obstacles
to its use. In the economic calculations for Case 1 and Case 2, it was
assumed that the electricity sold would cover the cost of the elec-
tricity purchased. Another part of the electricity demand will be
generated using surplus energy; therefore, the additional costs of
electricity were not assessed in these cases.

However, the assessment of electricity demand was performed
differently in Case 3. Given that the electricity demand in Case 3 is
significantly higher because of the electrolysis unit, and the waste
heat streams, including the surplus heat, are also higher, the pur-
chase of electricity from/to the grid was assessed. Regarding the
electricity market in general, the forecast of price changes reported
in study [46] was taken into account when assessing the price of
electricity. This study revealed that the price of electricity should
becomemore competitive as we approach 2050, with an increasing
amount of surplus free electricity. Based on the forecasting in the
study report [46], as well as in the national legislation [47] and the
National Energy and Climate Action Plan of the Republic of
Lithuania [9], it can be argued that the share of electricity produced
from renewables should increase, which may lead to surplus free
electricity. With this in mind, two forecast scenarios of electricity
price were selected for the analysis: pessimistic and optimistic (see
Table 6
Fixed production costs (V/a).

Relation Fixed costs, V/a (Case 1, Case 2,

Fixed production
costs

Operating labor and
supervision

262 800

Training 100 000
Profit tax 0

Insurances and taxes 500 000
Total fixed production costs, V/a 862 800
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Table 7). Table 7 also shows the electricity cost (MW) of the elec-
trolysis unit.

The difference between the optimistic and pessimistic forecast
scenarios in the electricity market suggests that the electricity costs
can differ by one-third (up to 30%). How this affects the price of the
FT product will be discussed later in the calculation results.

All of the above assumptions affect the prime cost of the un-
derlying product in one way or another. Of course, it can be argued
that the positive effect of revenue from waste heat or surplus
electricity was estimated in the prime cost of the FT product.
However, the economic assessment also analyzed a less economi-
cally attractive scenario B with a priority to use syngas for heat
production. The calculations in scenario B took into account that
the FT product output decreased from 1% to 6% depending on the
operating modes of the different cases and gasifier capacities.
However, a new product, syngas, is emerging in the market (Fig. 2).
This gas is taken by bypassing the FT synthesis reactor and is
directed to the CHP plant for heat and power production, thus
generating additional revenue for the heat energy produced. Rev-
enues from syngas were estimated taking into account the amount
of heat produced and the heat price in the market (3.71 V/MWh).

Considering all the accepted assumptions and evaluating the
gasifier operating modes and power limits, concept scenarios, pri-
mary and secondary product outputs, electricity and heat prices,
state support, CHP plant technical capabilities, etc., the prime cost
of the FT product was obtained, and the results (Fig. 7) were
summarized for the operating mode of Case 1.

The base case with biomass alone, enriched air gasification, and
once-through FT synthesis revealed that the lowest prime cost of
the FT product would be 0.88 V/kg (at 40 MW gasifier capacity)
considering state support. The average cost in the same case over
the entire period is equal to 0.97V/kg. Assessing the rise in variable
and fixed costs (Tables 5 and 6), the prime cost of FT products is
forecasted to increase by 5%e23% over a 20-year period in different
scenarios. It was observed that state support allows the price of FT
products to be reduced by approximately 13% from the average
price. In addition, the results revealed, as expected, that scenario A
would lead to lower FT product prices compared to scenario B.
Nevertheless, it was shown that with the use of syngas as an
Case 3) Annual price increase, % Notes

Salaries increase after 5 years by 10%, after 10 years - 20% e

e The first 5 years
e Not

appreciated
Insurance costs decrease 5% annually e



Table 7
Forecasting of annual electricity costs through 1 MW of the electrolyser.

Case 3 Unit Price level in the market Total

Market factors Surplus Low Medium High Average

Price V/MWh 0 30 50 70 0e70
Pessimistic evaluations
Operating time per year % 0 10 30 60 100

h 0 876 2628 5256 8760
Costs for electricity V/MW 0 26 280 131 400 367 920 525 600
Optimistic evaluations
Operating time per year % 25 22 18 35 100

h 2190 1927 1577 3066 8760
Costs for electricity V/MW 0 57 816 78 840 214 620 351 276

Fig. 7. Prime cost of FT product when the FLEXCHX unit is operated in Case 1.
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alternative for heat production, the prime cost of the FT product
increased insignificantly, that is, only 2%e4% (0.02e0.05V/kg) from
the average price. It was also found that the difference in FT product
price between scenarios A and B decreased when the nominal ca-
pacity of the FLEXCHX unit was higher. From a sustainable energy
perspective, the goal of becoming energy-independent from fossil
fuels has a high level of adaptability, and the price differential is so
small that the goal may be achieved. However, it must be empha-
sized that if the use of syngas for heat production increases, the
economic attractiveness could deteriorate as it depends on the
scale of heat demand fluctuations. The Petra�si�unai CHP is not only
963
one of the heat producers in Kaunas but it also balances heat pro-
duction; therefore, it must ensure that a sudden demand for ther-
mal capacity could be met, and then scenario B could be considered
suitable for the analyzed CHP. The fluctuations of thermal power do
not constitute a decisive part of heat production (only 6%); there-
fore, the syngas alternative fits perfectly in this particular case.

The prime cost of the FT product when the FLEXCHX unit was
operated in Case 2, is shown in Fig. 8.

In Case 2, when the FT synthesis unit was operated with a
recycle loop to further improve the FT product yield, excellent re-
sults were obtained. It can be stated that the lowest price can be
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reached in scenario A when including state support, which is 0.61
V/kg at a gasifier capacity of 40 MW. In the same case, the average
price over the whole assessment period would be 0.67 V/kg
(maximum of 0.74V/kg). The prime cost of the FT product in Case 2
is forecasted to increase by 5%e23% over a 20-year period in
different scenarios. The subsidy reduces the prime cost of the FT
product by 13% of the average price.

It is clear that ahigher capacityunitmakes itpossible to reduce the
prime cost of the product because of the fixed production cost
component. It hasbeenobserved that althougha lower capacity plant
allows for a more efficient use of the waste heat, it provides lower
economic benefits than a higher capacity one owing to the lower
yields of the FT product. Therefore, it can be argued that a 40 MW
gasifier is a more favorable alternative than a lower capacity unit. In
addition, a 40 MW gasifier can reliably achieve fossil fuel indepen-
dence conditions using the syngas option (scenario B). As for the
alternative of using syngas in scenario B, the cost of the FT product
operating in Case 2 mode would also increase insignificantly, that is,
only 3%e6% (0.01e0.06 V/kg) of the average prime cost.

The prime cost of the FT product, with electrolysis-assisted FT
production targeting the maximized conversion of biomass to FT
hydrocarbons, is shown in Fig. 9.

The FLEXCHX unit operating in Case 3 produces twice the yield
of FT product and generates twice as much waste heat compared to
Case 2. However, the size of capital investment in Case 3 is larger,
Fig. 8. Prime cost of FT product when the
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with an increase of 18%e24%. Operating in this mode for an entire
year, according to the generated waste streams and capabilities of
the CHP, large amounts of surplus heat are generated. If the con-
sumer heat demand decreases, this can be easily solved by directing
the waste heat to produce electricity. After the capital investments
and operating expenses are estimated, the lowest prime cost of the
FT product was obtained, which is equal to 1.04 V/kg (at 40 MW
gasifier capacity) in scenario A. In the same scenario, the FT product
average prime cost is projected to be 1.07 V/kg during the entire
period considering state support. However, if state support is not
included, the prime cost would be 6% higher. In Case 3, the average
prime cost of the FT product is forecast to increase by 2e6% over a
20-year period in different scenarios. It was observed that the
FLEXCHX concept operating in Case 3 can offer the lowest FT
product price if a 40MWgasifier is installed.With respect to syngas
usage in scenario B, the FT product average cost will also increase
slightly by 1%e2% (0.01e0.03 V/kg).

Fig. 9 presents the results payback period calculations for the for
the three different cases: Case 1, Case 2, and Case 3, and with four
more separate conditions (price with subsidy under scenario A,
price without subsidy under scenario A, price with subsidy under
scenario B, and price without subsidy under scenario B). As dis-
cussed in the Methodology section, the calculations assumed that
the price of the FT product to the refinery would be 850 V/t (0.85
V/kg).
FLEXCHX unit is operated in Case 2.



Fig. 9. Prime cost of FT product when the FLEXCHX unit is operated in Case 3 according to the pessimistic electricity scenario.

R. Skvor�cinskien _e, N. Stri�ugas, A. Galinis et al. Renewable Energy 189 (2022) 952e969
The economic assessment was limited to the production process
of the FT product (from biomass to the production of the FT prod-
uct), and the integration possibilities of the FT product at the re-
finery were not assessed.

The internal rate of return (IRR) is closely related with the
payback and the attractiveness of the project. The trend of the IRR
change (Fig. 10) depends on different cases.

The results of the economic evaluation (Fig. 10) showed that the
integration of the FLEXCHX unit is more realistic in the operating
mode of Case 2 owing to the lowest resulting FT product cost,
0.67e0.78 V/kg, and the shortest payback period, from 6 to 9 years,
with a gasifier capacity of 40MW. The IRR of Case 2 (Fig. 11) was the
highest, thus exhibiting an advantage over other operating modes
of the FLEXCHX unit. It can be concluded that the FLEXCHX concept
is attractive when the FT product cost up to 1.07 V/kg (Fig. 11) and
IRR >0. Below this threshold, it is difficult to expect a return on
investment. Therefore, in Case 3, when electrolysis-assisted FT
production targets the maximized conversion of biomass to FT
hydrocarbons within the accepted conditions, it is not profitable.
The situation could be improved by the emergence of surplus
electricity in the market, as discussed under the optimistic scenario
(see Table 7), which would reduce the prime cost of the FT product
by 24%. On this basis, the attractiveness of the project would be in
the range of -0.03 < IRR <0.07.
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The study at the site level revealed the possibilities of FLEXCHX
integration and proved that it can be economically attractive in
today's market by operating in Case 2. This concept would allow
heat producers to save energy resources and compete with low-
cost biomass biofuel boilers while becoming energy-independent
from fossil fuels.

4. Discussion

The challenge of combining the transport sector with a DH
network and the power grid is presented in this article by discus-
sing the operating modes of the gasifier, output of FT product and
waste stream generated after the synthesis reactor, preliminary
process management schemes, market factors, and economic
attractiveness. In addition, this research focused on the integration
of waste streams into local heat and power production plants,
which is essential in the design of a coherent production concept
for cost-effective tri-generation of FT products, heat, and power. To
highlight the applicability of the FLEXCHX concept, existing CHP
plants in Lithuania that could become potential sites for industrial
and demo plants were selected.

Considering that by-products obtained after technological pro-
cesses can become potential energy sources, it was determined
during the research that the formed waste heat ranged from 21 to



Fig. 10. Variation in prime cost depending on surrounding conditions.
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182 TWh at different capacities and operating modes of the gasifier.
It is believed that the integration of the FLEXCHX concept is related
to the efficiency of waste utilization and depends on the CHP level
in the system and operation regime. It was determined that a larger
power plant could serve a higher capacity FLEXCHX unit. Therefore,
the waste heat generated through the gasification process could be
used as efficiently as possible and produce FT products at a lower
price, thus creating stronger competition between heat producers.
As the energy demands of consumers change throughout the year,
the consumption of waste heat in the power plant was estimated
based on an annual load duration curve (the calculations were
adopted under conditions where the consumption could not
exceed the annual demand curve). The calculations showed that
the waste heat utilization efficiency was between 0.75 and 0.65
(Table 3). After evaluating all the technical capabilities (heat ca-
pacity, type of operating mode, activity and responsibility of the
operator, assurance of reserve capacity, location), the integration of
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the FLEXCHX concept into the Petra�si�unai CHP requires a gasifier
capacity of between 10 and 40MW to achieve maximum efficiency.
The analysis of economic attractiveness according to scenario A
revealed that the FLEXCHX concept is more realistic for the oper-
ating mode of Case 2 because it leads to the lowest average cost of
the obtained FT product, which ranges from 0.67 to 0.97 V/kg
depending on the gasifier capacity. It was proven that the 40 MW
gasifier is the most economically attractive option owing to the
lowest average price of the FT product, which is 0.67 V/kg. For the
same case, the economic calculations, which considered the plan-
ned amendments to the RED II Directive to promote them, showed
that the payback period is 6 years and the IRR value is 0.13 (at
40 MW of gasifier capacity) assuming market price of liquid bio-
fuels at the level of 0.85 V/kg. The other gasifier operating modes
analyzed showed 30%e60% higher prime cost of the main FT
product, ranging from 0.97 to 1.42 V/kg (Case 1) and 1.07 to 1.25
V/kg (Case 3). The IRR value based on the assumed price of liquid



Fig. 11. IRR value depending on product cost.
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biofuel (feedstock suitable for refinery) was almost always negative
in Case 1 and Case 3 (pessimistic scenario), making payback
impossible in the calculated period. The main difference between
Case 2 and Case 3 is that the unit operating in the latter mode
produces twice the output of the FT product and generates twice as
much waste heat. However, the required investments are up to 24%
higher, and additional costs for electricity purchase have been
estimated. For these reasons, the average prime cost of the FT
product was the highest and was equal to 1.07 V/kg in scenario A
(at 40 MW gasifier capacity). The significant changes in the energy
market that will be effective from 2030will allow the use of surplus
electrical energy to ensure the operation of the electrolysis device
and the operation of a gasifier. It was determined that the prime
cost of the FT product could become more competitive and
approximately 30% lower, reaching 0.82 V/kg in the same scenario,
with a gasifier capacity of 40 MW. The payback period would
change to 10 years, and the IRR return value would be 0.07.

In addition, it was proved that the hybrid FLEXCHX technology
in scenario B using renewable energy sources (syngas produced
from biomass) may ensure independence from fossil fuels (natural
gas) for energy production by flexibly responding to the changing
demand of heat consumers. On this basis, heat producers such as
the Petra�si�unai CHP with operator status may use syngas to cover
the capacity in the event of a sudden increase in heat demand, thus
eliminating the use of traditional fossil fuels, that is, natural gas.
From a technical perspective, biofuel, syngas, and waste heat could
account for 100% of the total energy in the heat production balance.
It should be emphasized that during the FLEXCHX activity period,
the production of FT products is negligibly affected. On this basis, a
sudden increase in heat demand or other significant fluctuations
should not account for a large share of heat production. Conversely,
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if the heat production is essentially monotonic and remains
significantly unchanged over the years, the use of syngas for heat
production in boiler houses would not be appropriate, as it would
have a significant impact on the production of FT products and
would not be economically viable (no cost-effective). In the
analyzed Petra�si�unai CHP, the sudden fluctuations in heat demand
reached no more than 6% of the total demand, which led to insig-
nificant changes in the level of economic attractiveness compared
to that in scenario A. The results of the economic attractiveness
assessment revealed that scenario A offers lower FT product prices
compared to those in scenario B. Nevertheless, the use of syngas as
an alternative for heat production has shown that the cost of the
main product increases insignificantly, that is, only 1%e6%
(0.01e0.06 V/kg) of the average value (Cases 1, 2, and 3). It was also
found that the difference in FT product cost between scenarios A
and B decreased as the nominal capacity of the unit increased. From
a sustainable energy perspective, the goal of becoming energy-
independent from fossil fuels has a high level of adaptability, and
the prime cost differential is so small that the goal may be achieved.
However, it must be emphasized that increasing the syngas amount
for heat production can lead to a deterioration in economic per-
formance; therefore, it is necessary to assess the extent of heat
demand fluctuations. It was established that a gasifier of 40 MW
may be the optimal choice in Case 2, when the average prime cost
of the FT product under scenario B (0.68 V/kg) is insignificantly
higher than that of scenario A (0.67 V/kg). The payback period is
equal to 7 years, and the IRR is 0.12 (in scenario A it was 0.13). With
the use of electrolysis (Case 3) in the optimistic scenario, the prime
cost of the FT product could reach 0.83 V/kg. The payback period
would be equal to 10 years and the IRR would be 0.06.
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5. Conclusions

Based on the targeted hybrid process, the following conclusions
are drawn from the techno-economic analysis:

1) In future energy markets, the role of fossil fuels will be mini-
mized and the entire structure of DH systems would become
more efficient through the use of waste streams. It can be argued
that the hybrid FLEXCHX concept is suitable for Lithuanian DH
systems because the by-products obtained after the techno-
logical processes are potential energy sources. It was established
that if the FLEXCHX concept is installed in the Petra�si�unai CHP,
the streams of waste heat under the study conditions would be
between 21 and 182 TWh.

2) Considering that the Petra�si�unai CHP requires a very flexible
operating mode owing to the need to balance heat production in
the DH network of Kaunas City, a technical feasibility assess-
ment was performed for determining the suitability of the
FLEXCHX concept. The investigation revealed that the capacity
range of the unit should cover the fluctuation range of thermal
capacity by increasing the use of renewable energy sources such
as syngas. It was determined that the integration of the
FLEXCHX concept into the Petra�si�unai CHP requires a gasifier
with capacity between 10 and 40 MW.

3) It was proved that the FLEXCHX concept with a unit capacity of
only 40MW can help create independence from fossil fuels with
100% not intermittent renewable energy. The use of syngas as an
alternative for heat production according to scenario B has
shown that the cost of the main product increases insignifi-
cantly, that is, only 1%e6% (0.01e0.06 V/kg). However, it is
necessary to mention that in the analyzed Petra�si�unai CHP, the
sudden fluctuation in heat demand was equivalent to no more
than 6% of the total demand.

4) The economic evaluation showed that the concept is profitable
when producing FT products at a prime cost of no more than
1.07 V/kg according to Case 1 and Case 2. However, various
scenarios have shown that the prime cost of the FT product
could be 0.67e1.47 V/kg for gasifier capacities ranging from 10
to 40 MW. The payback period was equal to 6e20 years. The
project was not profitable if the payback period was equal to 20
years or more.

5) The study revealed that the integration of an electrolysis unit
(Case 3) into the FLEXCHX concept as an additional component
increases the prime cost of the FT product by 30%e60% when
assessed under the current electricity market (in the pessimistic
scenario) as it requires an approximately 24% higher investment
and higher electricity costs. The prime cost of the FT product
was found to be 1.07e1.25 V/kg. In this case, because the IRR
was below 0, the concept could be considered not profitable. In
addition, the payback period was more than 20 years.

6) The significant changes in the electricity market expected from
2030 onwards will lead to the use of surplus energy in a pro-
portion of up to 30%. Thus, in the case that included an elec-
trolysis device (Case 3 in the optimistic scenario), the prime cost
of the FT product could become more competitive, approxi-
mately 30% lower, reaching 0.82 V/kg at a gasifier capacity of
40 MW. The payback period would be 10 years.

7) It was determined that the 40 MW gasifier is the most
economically attractive option as it results in the lowest average
prime cost of the FT product, 0.67 V/kg (Case 2). With this
gasifier, the payback period is six years and the IRR is 0.13.

In overall, it was established that the hybrid FLEXCHX concept
might be suitable for the Lithuanianmarket, but certain restrictions
and exceptions apply until implementation. Nevertheless, it can be
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said that the FLEXCHX concept can help create independence from
fossil fuels, allowing the use of syngas to ensure the reserve ca-
pacity to face a sudden increase in heat demand, whereas the
analysis of economic attractiveness has shown that the price dif-
ference is not significant. Considering the obtained results, it can be
concluded that the data on the FLEXCHX concept presented in this
work could be applied to CHP plants in Lithuania. However, to apply
this concept in other countries, it would be first necessary to
examine the surrounding conditions, such as the existing national
laws, existing directives, state support mechanisms, whether or not
there is a difference in policy, the level of competition between heat
producers, etc., as they may affect the economic attractiveness.
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