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Abstract

This paper presents the results of a thermodynamic and economic analysis concerning the use of gas from gasification
of biomass in a cogeneration system with an internal combustion piston engine, working for the needs of a district
heating network, with power of 1.5 MW in biomass supplied. The data on the gas generation and purification process
were taken from real experiments conducted on a research installation with a fixed bed gasifier at the Institute for
Chemical Processing of Coal in Zabrze. Electricity and heat generation efficiency and electric and thermal power of
the system were primarily used as indicators of the thermodynamic evaluation. The economic analysis was carried out
using discount methods, taking into account the existence of support mechanisms in the form of the colorful certificates.
A sensitivity analysis of evaluation indices to the change of selected characteristics was performed.
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1. Introduction with the use of gas from gas generator in an internal com-
bustion engine is that it has different properties to natural
gas. No less important, since raw synthesis gas contains
many contaminants, it fails to meet environmental stan-
dards or the allowable levels set by engine producers and
must undergo, often expensive, gas purification [11, 12].
On the other hand, such systems can use often cheaper, lo-
cal sources of biomass (including waste biomass). More-
over, electricity produced in cogeneration from RES qual-
ifies for support in the form of certificates of origin (green
and violet certificates), which is an additional source of
revenue.

This paper focuses on evaluating the thermodynamic
and economic effectiveness of a biomass cogeneration sys-
tem with power of 1.5 MW in the supplied biomass, inte-
grated with an internal combustion gas engine, working
for a district heating network.

Systems using biomass for the production of energy
are included in Polish and European Union energy policy
guidelines, which promote the use of renewable energy
sources (RES), production of energy from local sources
and development of distributed energy sources [1-5]. One
of the methods of energetic use of biomass is through gasi-
fication in gas generators. The resulting combustible gas
can be used for energy production in systems combined
with a piston engine or gas turbine [6—10]. The use of gas
in engines is justified mainly by the relatively low invest-
ment cost, high durability and high efficiencies of electric-
ity generation. However, due to the specific properties of
the fuels derived from gasification, including in particu-
lar their much lower calorific value, combustion engines
designed for natural gas and working on synthesis gas of-
ten require significant modifications. The biggest problem
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Figure 1: Schematic diagram of the integrated system cooperating
with a piston engine installation; denotations: GG—gas generator,
GC—gas cooler; GCI—gas cleaning installation; DH—district heat-
ing system; HE—heat exchanger (index: H—high-temperature, L—
low-temperature); PE—piston engine; TC—turbo-compressor

tricity and heat, was subjected to a thermodynamic anal-
ysis. The system cooperates with a district heating (DH)
network with a temperature characteristic for the heating
season of 90/70°C and maximum heat demand 9 MW.
Outside of the heating season water is provided with nom-
inal parameters of 70/40°C, and the heat demand is 2 MW.
In the district heating system quality governing is realized,
in which instantaneous heat demand Q, (for the instanta-
neous outside air temperature 7, ) depends on the com-
putational outside air temperature #, ,;) and nominal heat
demand Q.. according to the equation (1), while the min-
imum heat demand in summer period is 2 MW:

. . 20—t
Qx Qcal 20 — forcal (1)

Based on data from the Institute of Chemical Process-
ing of Coal (IChPW) a numerical model of the analyzed
cogeneration system was built. The authors’ own com-
putational codes were used here as well as commercial
software Aspen Plus.

The process gas generation system is based on the
GazEla research installation that IChPW developed and
intensively expanded in recent years. In the analysis use
was also made of data from an experimental, demonstra-
tion biomass gasification installation located in the wood
processing plant of Galaxia Ltd. Sp. z 0.0. in Paruszow-
ice. A detailed description of the gasification technology
as well as the results of the analysis conducted on the test
stand using gas generator GazEla were presented, among
others, in [13—17]. A schematic diagram of the analyzed
process gas, electricity and heat generation system, with
marked main mass streams, are presented in Fig. 1.

The process gas generation system consists of three
main components: the gas generator (GG), gas cooling
installation (GC) and gas cleaning installation (GCI). The

main product of the gasification and cleaning process is
process gas (point 13 in Fig. 1) with parameters enabling
use in piston engines integrated with the gas generation
system.

Biomass of the following composition is subjected to
gasification in the gas generator: moisture 31.1%, ash
2.7%, sulfur 0.03%, carbon 46.6%, hydrogen 5.75%, ni-
trogen 0.19%, oxygen 40.15% and with a lower heating
value of 17.71 MJ/kg (analytical state). The energy ef-
ficiency of the gas generator (defined as the ratio of the
chemical energy flux of the generated gas and biomass
supplied to the generator) is 0.7. The gasification gen-
erates process gas with the following molar composition:
(H2)=0.095, (CH4)=0.0149, (C0O)=0.1534, (CO,)=0.0833,
(N2)=0.4734, (H,0)=0.1800. The lower heating value of
the gas is 3.49 MJ/m? (3.14 MJ/kg). The gas exits the gen-
erator at 560°C, which excludes cleaning with commonly
used technologies. Thus, the gas is cooled in a gas cooler
to a temperature of approximately 40°C, before entering
the gas cleaning installation. As such radical gas cooling
requires that a cooling medium with a relatively low tem-
perature be supplied to a heat exchanger, it was assumed
that the gas cooler is a two-section heat exchanger. The
high-temperature section uses water as a cooling medium.
Gas is cooled to a temperature allowing to obtain effec-
tiveness of 90% (methodology for determining effective-
ness can be found in [18]). Heat flux obtained in this sec-
tion of the heat exchanger is, thus, qualified as useful heat.
The second section cools the gas to 40°C, but in this case
cooling heat is not qualified as useful heat.

The gas cooled to a suitable temperature is introduced
into the gas cleaning installation (GCI) operating with an
efficiency of 95%. It was assumed that the purification
process affects only the gas stream and not its calorific
value. The cleaned gas exits the process gas generation
installation and is introduced into the electricity and heat
generation unit. The main element of this part is a piston
engine system.

After leaving the gas cleaning installation the gas is
mixed with air and introduced into the turbocharger TC,
then the mixture is combusted in the engine. The high-
temperature heat from the exhaust gas is used to heat wa-
ter in the DH system heat exchanger HEy. Low-temperature
heat comes from the cooling of the intercooler of the tur-
bocharger, water jacket and oil sump (HE;). Heat (both
high-temperature and low-temperature) recovered within
the engine is used to heat water for the district heating
network.

The division of the whole installation into two parts
results in the thermodynamic characteristic quantities (such
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Table 1: Results of the thermodynamic analysis of the cogeneration
system

Quantity Value
Electric power, kW 360.3
Useful stream of high-temperature heat, 291.8
kW

Useful stream of low-temperature heat, 201.9
kW

Useful stream of process gas cooling 166.6
heat, kW

Chemical energy flux of the gaseous fuel  997.5
supplied to the engine, kW

Overall efficiency of the engine 0.8562
Efficiency of electricity generation in gas  0.3612
engine

Efficiency of high-temperature heat 0.2926
generation in gas engine

Efficiency of low-temperature heat 0.2024
generation in gas engine

Overall efficiency of the integrated 0.6805
installation

Efficiency of electricity generation in the ~ 0.2402
integrated installation

Efficiency of useful heat generation in the  0.4403

integrated installation

as efficiencies and heat production) being defined for the
piston engine itself and for the integrated system (which
includes, apart from the heat received within the engine,

the heat received from process gas cooling in the gas cooler).

3. Results of the thermodynamic analysis

In the first round of calculations, the thermodynamic in-
dicators were determined for a gas generator system with
power of 1.5 MW in supplied fuel, integrated with a piston
engine. The basic relationships for determining the ther-
modynamic characteristics were used here, of which a de-
tailed description can be found in the literature, among
others, in [13-16]. The main results of this analysis are
presented in Table 1.

The district heating network served by this system is
characterized by considerable variability in the thermal
load during the year. Therefore, in the analyses, two vari-
ants of calculation were assumed:

e Option [—-calculations were carried out for the net-
work operating during the summer season. Water

>—"—> process gas

««++> exhaust gas
—> DH water
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Figure 2: Schematic diagram of heating the return water from DH
system

is produced for the heating system with parameters
70/40°C.

e Option [I—calculations were carried out for the net-
work operating during the heating season when the
DH network characteristic is 90/70°C.

It was also assumed that the system can operate at base
supply, or cover the total heat demand.

It was assumed in the analyses that water returning
from the district heating network is first heated in the en-
gine cooling system (cooling of the water jacket, oil sump

and intercooler of a compressor), and then in high-temperature

heat exchangers, i.e., the exhaust gas cooler and process
gas cooler (Fig. 1). It was also assumed that composition
and gas parameters allow for heat exchangers to be built
into the system.

In the first round of calculations, a system was consid-
ered that works on the production of heat outside of the
heating season. In this case, the water returning from the
heating system has a temperature of 40°C. This allows for
the use of low-temperature heat sources to preheat the wa-
ter in the water jacket cooler and oil sump cooler (HE}).
Then, in order to maximize the use of cooling heat of the
process gas and the exhaust gas, the stream of water is di-
vided into two parts. The first part is directed to the first
section of the heat exchanger built on the stream of the
process gas (GC-I), while the second part is directed to
the heat exchanger built on the exhaust gas stream from
the engine (HEg). It was assumed that the split of streams
will be chosen in such a way as to ensure that both streams
after leaving the heat exchangers have the same water tem-
perature. Then the streams are mixed and go to the district
heating network. The aim of the second section of the gas
cooler (GC-II) is to cool the process gas down to the tem-
perature required for the purification process (40°C). Heat
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Table 2: Results of the analysis of the cooperation of the cogeneration
system with the district heating system

Quantity Value
Sum- Win-
mer ter

Gas temp. at the inlet to 1* section of 560

gas cooler (SG-1), °C

Heat flux received from 1% section of 202.2 194.1

gas cooler, kW

Gas temp. at the inlet to 2"/ section of ~ 99.5  124.2
gas cooler (SG-1I), °C

Heat flux received from 2" section of 104.6 112.7
gas cooler, kW

Temp. of the flue gas at the inlet to flue 4452
gas-water (HEg) heat exchanger, °C

Heat flux received from the flue gas in 296.1

the HEy, kW

Flue gas temperature at the exit of the 120
HEy, °C

Water temp. at the exit from 49 76
low-temperature heat exchangers HE,

°C

Water temp. at the exit of SG-I and 70 90
HEy, °C

District water flow, kg/s 52 76
Heat flux delivered to DH network, kW  649.4 635.7

received here is not utilized. A schematic diagram of the
system is presented in Fig. 2.

In the next round of calculations, a system working
for the production of heat during the heating season was
considered. The analysis assumes that the system serves
the district heating network, with parameters 70/90°C. For
the analysis the same scheme as shown in Fig. 2 was as-
sumed. However, it was assumed that the temperature of
the return water from the plant is 70°C.

The most important results of the analyses for both
variants of the system with power supplied in biomass at
1.5 MW are presented in Table 2.

4. Economic analysis

The economic analysis of the considered solution was
carried out using the NPV discount method (Net Present
Value) [13, 19-21]. The analysis assumes that the sys-
tem produces heat at base supply (annual working time of
6000 h). Capital costs were estimated on the basis of data
obtained from IChPW concerning the investment costs in-
curred for the demonstration installation with power in the
fuel supplied at 1.5 MWt. It was assumed in the calcula-
tions that the total investment cost is 4.92 million PLN,

Table 3: Results of the economic analysis for a 1.5 MW system work-
ing for a DH network

Quantity Biomass price, PLN/GJ

15 20 25 30
NPV, mln PLN 2.160 0.847 -0.508 -2.031
IRR, % 11.19  8.26 4.88 043
NPVR, - 0439 0.172 -0.103 -0.413

including PLN 200,000 for the biomass supply installa-
tion, PLN 1.5 million for the biomass gasification system,
PLN 300,000 for the purification and cooling installation
for the synthesis gas, PLN 600,000 for piston engine as-
sembly, PLN 600,000 for automatics and electrical engi-
neering and approximately PLN 800,000 for other costs.

In the cash flows the fuel purchase cost is an important
element. The analysis assumes that nominal unit price of
biomass together with supply is 30 PLN/GJ.

On the basis of information from the Energy Regu-
latory Office [22] it was assumed in the calculations that
the selling price of electricity is 201.36 PLN/MWh (the
average selling price on a competitive market) and the
selling price of useful heat 44.95 PLN/GJ. Additional fi-
nancial benefits arise from obtaining certificates of ori-
gin from renewable energy sources (green certificates), for
which the price was assumed at 253.31 PLN/MWh (aver-
age price of property rights of the PMOZE_A type, all
transactions in 2012 [23]), and violet certificates at a price
of 59.51 PLN/MWh.

Additionally, the analysis assumes that the lifetime of
the system is 20 years, and the installation works 6000 hours
per year. It was assumed that the investment is 50% fi-
nanced from internal resources and 50% from a commer-
cial loan with an interest rate of 6.5% and repayment pe-
riod of 10 years. For calculations, the discount rate was
assumed at 6.2%. Additional costs were also assumed,
such as the unit cost per unit of water supply and sewage
disposal (2.5 and 6 PLN/m?, respectively), unit operating
costs (2 PLN/MWh), unit costs of repair (2% of the invest-
ment cost), unit cost of the purchase of non-energy prod-
ucts (1.5 PLN/MWh), unit cost of using the environment
(0.3 PLN/GJ ), unit cost of insurance (0.5% of expendi-
tures), and unit costs of work (together 22,000 PLN/month).
The exchange rate is PLN 4.185 per € 1.

For such assumptions the basic economic indicators
were determined (NPV, IRR, NPVR) as a function of biomass
price. These quantities are summarized in Table 3.

Fig. 3 shows the results of calculations depicting the
revenue structure in a system with a capacity of 1.5 MW.
The analysis shows that the sale of heat has the largest
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Figure 3: Revenue structure for a cogeneration unit with biomass gasi-
fication with the power of 1.5 MW in fuel supplied
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Figure 4: Influence of the selected quantities on the NPV index for
biomass priced at 30 PLN/GJ

share of the revenue (37%) followed by the sale of prop-
erty rights arising from green certificates (32%).

Figures 4 and 5 show the results of the sensitivity anal-
ysis for the system, reflecting the influence of a change in
the price of electricity (p.;), price of heat (p;), price of
green certificates (pgc), price of violet certificates (py.),
investment costs (i) and annual operating time (¢,) on the
NPV index. Changes of nominal values were considered

0.7 0.8 0.9 10 11 12 13
Relative change of quantity, -

Figure 5: Influence of the selected quantities on the NPV index for
biomass priced at 20 PLN/GJ

Impacting the profitability of the investment most are:
annual operation time, investment costs and the sale price
of heat. It can be expected that with the commercializa-
tion of the technology, unit investments in the system will
decrease and disposability will increase, which will sig-
nificantly improve the economic indicators. Obtaining
cheaper biomass (including waste biomass) is of crucial
importance. The analyses show that if biomass can be pur-
chased 7 PLN/GJ cheaper than nominally assumed price
(30 PLN/GJ), the performance indicators reach positive
values.

5. Summary and conclusions

The analyses presented in this paper concerned the
possibility and profitability of using gas from biomass gasi-
fication in the system for generation of electricity and heat
using a piston engine. The system with a capacity of
1.5 MW in supplied biomass operates for the needs of the
district heating network, while the electricity generated in
the system is sold to the grid. For the purpose of the work
a mathematical model of the system under consideration
was constructed, enabling a thermodynamic analysis to
be performed. The results of the thermodynamic analy-
sis formed the basis for the profitability assessment.

The thermodynamic analysis showed that the cogen-
eration system under consideration is characterized by the
overall efficiency of the installation integrated with a gas

in the ranges +30%, for different prices of fuel, i.e., 30 PLN/GJgenerator which is 68.05% (overall efficiency of the en-

and 20 PLN/G]J.

The analysis shows that for the adopted assumptions
and biomass prices at the level of 30 PLN/G]J it would be
very difficult to obtain profitability for the analyzed sys-
tem. With cheaper biomass (20 PLN/GJ) economic indi-
cators reach positive values over a wide range of changes.

gine itself: 85.62%), which results in the generation of

electricity with the efficiency of 24.02% (36.12% in the

engine). Thus, the system with the power output at 1.5 MW
in biomass can cover about one third of the heat demand

for district heating network in the summer and about 15%

of the heat demand during winter (heating season).
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The results of the economic analysis show that the sys-
tems using gas from biomass gasification can be charac-
terized by positive economic indicators (NPV, IRR, NPVR).
It should be noted, however, that it is very important here
to adopt, among others, proper assumptions regarding the
unit investments on such systems. No less important is
the possibility of obtaining cheaper biomass and keeping
the installation operating for as long as possible during the
year.

The sensitivity analysis shows primarily the impor-
tance of the effect of changes in the investment costs and
the prices of color certificates on the profitability of the
investment. Studies show that, in the absence of a sup-
port mechanism in the form of certificates of origin, it will
be difficult to get positive values for the economic indica-
tors. Systems with a piston engine (which from a technical
point of view seems the most rational way of using low-
calorific gas from biomass gasification) can be used for
the production of electricity in distributed systems, based
on local sources of waste (thus, cheap) biomass. In such
a case, they would be characterized by positive values of
NPV indicators.
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