
Exergy, Exergoeconomic and
Enviroeconomic Evaluation of a Biomass
Boiler-Steam Engine Micro-CHP System

Biomass-based micro-combined heat-and-power (CHP) systems could play an
important role in future renewable energy systems by providing net stability and
balance electricity fluctuations from wind and solar systems by demand-driven
and base load operations. A biomass boiler-steam engine micro-CHP system was
investigated via exergy-based analysis methods to evaluate the optimization
potential concerning exergy, environmental, and economic aspects. It was shown
that the system has low exergy efficiency compared to systems from the literature
and that the boiler is mainly affected by capital cost. Major improvements in
terms of exergy efficiency as well as economics should therefore be focused on the
boiler.
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1 Introduction

In future energy systems driven by renewable energy sources,
biomass-based micro-combined heat-and-power (CHP) sys-
tems could play an important role due to their ability to pro-
vide net stability and to balance electricity fluctuations from
wind and solar systems by demand-driven and base load oper-
ation [1]. In the last decades, the development of biomass-
based micro-CHP systems has become popular; they attracted
attention especially for residential applications and as alterna-
tive to other fossil fuel-based micro-CHP systems. For tradi-
tional micro-CHP steam cycles with a capacity of less than
30 kWel, the electrical efficiency is 6–8 % while organic Rankine
cycles are capable of 15 % electrical efficiency [2]. To improve
their performance, small-scale steam cycles still require exten-
sive research and development.

However, current research is focused on non-biomass-based
micro-CHP systems. Bouvenot et al. [3] conducted a dynamic
simulation of a micro-CHP system fired with wood pellets and
of electricity generation by a steam engine for building applica-
tions. They found that the electrical efficiency of the system is
9 % and the overall efficiency is 95 % at full-load operation
while an electrical efficiency of 9 % and an overall efficiency of
88 % can be calculated at part-load operation. Badami and
Mura [4] discussed the utilization of a small-scale wood waste
steam engine. They made a theoretical design analysis of the
system and discussed the results. Accordingly, this system has
an electrical power output of 23 kWel corresponding to an elec-
trical efficiency of 14 % and a thermal output of 104 kWth. The
overall efficiency is 78 % while these performance indicators
are nearly constant in the working range of interest. Ferrara
et al. [5] modeled a small-scale steam engine system to be used

with renewable resources. The exergy efficiency is 87 % and the
electrical efficiency of the cycle is 9 % while its Carnot efficiency
is calculated with 17 %. Alanne et al. [6] made a thermo-eco-
nomic analysis of a rotary steam engine for micro-CHP applica-
tions. Their system has an electrical capacity of 1–20 kW with an
electrical efficiency of 9 %, a thermal efficiency of 77 %, and an
overall efficiency of 86 %. Finally, Antonelli and Martorano [7]
investigated a steam engine for small-sized power plants. They
found that volumetric engines may be considered for micro-
cogeneration in small-size plants (i.e., 5–50 kWel) and these
engines can have a thermal efficiency of about 25 %. In addi-
tion, some studies on how to determine the optimum exergoe-
conomic performance can be seen in refs. [8–13]. However,
most of the studies are focused on plant design and evaluating
basic performance criteria of the systems. In contrast, a retrofit
technology based on a steam engine technology to be included
in an existing biomass heating system has not been investi-
gated, so far. Detailed analyses including the second law of
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thermodynamics, the economic performance, and their combi-
nation should also be performed. Accordingly, a micro-CHP
steam engine for retrofitting combustion plants in the medium
output range was examined. Currently, a few retrofitting sys-
tems for small-scale biomass boilers are available on the mar-
ket, i.e. Stirling engines (e.g., from the company Hoval) [1].
The selected micro-CHP system includes a 300-kWth biomass
boiler and a 10–30-kWel steam engine with a nominal capacity
of maximum 30 kWel. To evaluate the effectiveness of this sys-
tem, an exergy-based analysis was conducted. Firstly, exergy
analysis was applied to reveal irreversibilities and inefficiencies
of the system. Secondly, an exergoeconomic analysis consisting
of specific exergy cost (SPECO) analysis and the exergetic cost
effectiveness (ECE) methods were performed to evaluate eco-
nomic and energetic parameters together. Thirdly, an enviro-
economic analysis was conducted to determine the release and
price of CO2. Finally, the considered system was compared
with a theoretical cycle to determine the improvement poten-
tial of the system.

2 System Description

A simplified scheme is shown in Fig. 1, including a biomass
boiler (B), a heat recovery steam generator (HRSG), a steam
engine (SE), a pump (P), a heat exchanger (HE), and a con-
denser (COND). The pump is neglected because of its low
power capacity. The biomass boiler produces hot water for the
heating network and has a nominal heat capacity of 300 kWth.
The boiler efficiency is assumed at 85 % and air excess is 0.86.
As fuel, low-quality woodchips are used. For the analyses, three
subsamples (approximately 5 L each) were taken and merged
from the woodchip storage. The merged fuel samples obtained
from the sampling were analyzed according to the European
standards for solid biofuels [14]. The C, H, and O content,
which is required to calculate the chemical energy provided by
the fuel (Eq. 11), is listed in Tab. 1.

2.1 Retrofit Micro-CHP System

In contrast to the standard installation of the boiler, the hot
flue gas with a temperature of 569 �C, which is the average tem-
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Figure 1. Schematic of the system.
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perature obtained from the measurements, is directed to the
HRSG to obtain superheated steam. Water coming from the
condenser enters the HRSG for the production of superheated
steam. The superheated steam is used in the steam engine to
generate power and the residual heat is rejected in the condens-
er. Both the heat from the exhaust systems of the combustion
processes and the process heat can be used. The efficiency of
the steam generator is assumed to be 96 % [3]. For the retrofit
micro-CHP system, the required temperature, pressure and
mass flows were measured during full-load operation of an
installed demonstration plant. The mass flow of the combus-
tion air 1 was calculated using Eq. (8), the mass flows of the
streams 2, 15, and 16 were derived from heat balances, and the
mass flows of streams 8 and 9 were obtained from the mass bal-
ance. The measured and calculated values are summarized in
Tab. 2.

For comparison, two ideal systems are defined to determine
the maximum capacity of the micro-CHP units. For these cal-
culations, the boiler efficiency is assumed to be 100 %. The
water return to the boiler and the temperature of the water
entering the HRSG are constant. The effectiveness of the HRSG
and the isentropic efficiency of the steam expander are equal to
1. The flue gas temperature entering the HRSG is assumed to
be 650 �C (ideal system 1) and 569 �C (ideal system 2).

3 Thermodynamic Analyses

3.1 Exergy Analysis

Exergy can be described as the maximum potential work of a
system and, in contrast to energy, which is conserved, exergy is
not conserved. Thus, every system has irreversibility (or entro-
py generation), which results in loss of potential work. Using
exergy analysis, the location and amount of irreversibility of a
given system can be determined. Generally, the exergy balance
equation consists of three terms: the fuel exergy rate, the prod-
uct exergy rate, and the exergy destruction rate. The fuel exergy
rate is the provided exergy to obtain the desired output. The
product exergy is the desired output of the considered system
and, finally, the exergy destruction rate is the lost work poten-
tial in the system. The general exergy balance can be written as:

_ExF � _ExP ¼ _ExD (1)

The exergy efficiency (j)1) illustrates how the considered sys-
tem is close to an ideal one (j = 1) and can be expressed as:

j ¼
_ExF

_ExP
¼ 1�

_ExD

_ExF
(2)

The exergy destruction ratio (y) is a measure of the contribu-
tion of the exergy destruction rate within each component

_ExD
� �

to the reduction of the overall exergetic efficiency (j). It
can be used to compare dissimilar components of the same sys-
tem [15]. The exergy destruction ratio (y) is calculated accord-
ing to

y ¼
_ExD;k

_ExF;tot
(3)

The specific exergy (ex) of any liquid and steam is calculated
by

ex ¼ h� hoð Þ þ To s� soð Þð Þ (4)
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Table 1. Fuel properties on a dry basis.a)

Fuel composition Value

C [wt %] 50.97

H [wt %] 6.23

O [wt %] 42.8

w [wt %] 7.86

Lower heating value (LHV) [kJ kg–1] 18 700

a) Except for w, which is specified on the as-received basis.

Table 2. Mass flow rates, temperatures, pressure and exergy
rates of the points for the retrofit micro-CHP system.

Point _m [kg s–1] T [�C] p [kPa] _Ex [kW]

1 0.142 25 100 0

2 0.016 25 – 342.06

3 0.11 569 184 37.48

4 0.11 170 184 8.23

5 0.0444 569 184 15.17

6 2.39 87 300 59.95

7 2.39 61 300 11.65

8 1.72 61 300 8.39

9 0.67 61 300 3.27

10 2.39 66 300 26.29

11 0.022 57 1820 0.18

12 0.022 350 1820 23.25

13 0.022 98 94.34 10.07

14 0.022 57 94.34 0.17

15 0.1 122 580 2.94

16 0.1 109 580 2.25

17 1.72 79 300 31.80

18 1.72 79.4 300 32.17

19 2.39 74 300 36.9

20 2.39 79 300 44.19

–
1) List of symbols at the end of the paper.
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Under the assumption of an ideal gas, the specific exergy of a
gas (exgas) can be expressed according to

exgas ¼ cp Tð Þ;gas T � To � Toln
T
To

� �� �
þ RToln

P
Po

� �
(5)

The specific exergy (exsolid,fluid) of a solid or an uncompressi-
ble liquid, assuming an average specific heat (cavg) [16], is ex-
pressed by

exsolid;fluid ¼ cavg T � To � Toln
T
To

� �� �
(6)

First of all, the specific heat of the combustion gas and air
(cp,gas) must be obtained and the combustion process should be
defined. According to ref. [3], the combustion equation of
woodchips and the air flow rate of the air are described by

CxHyOz þ x þ y
4
� z

2

� 	
1þ eairð ÞO2; gð Þ fi xCO2 þ

y
2

H2O gð Þ

þ x þ y
4
� z

2

� 	
eairO2; gð Þ

(7)

_mair ¼ _mfuel 1� wð Þ
x þ y

4
� z

2

� 	
MC þMH þMO

1þ eairð Þ

cO2
MO2
þ cN2

MN2

� 	
cO2

(8)

Using the mass composition of the combustion gas, the spe-
cific heat of the combustion gas (cp,gas) can be defined accord-
ing to [16]:

cP Tð Þ;gas ¼ 0:7401þ 0:9415T
103 � 0:1184T2

106 � 4:0855T3

1010

þ 2:0698T4

1013

(9)

According to [16], the specific heat of the combustion air
(cp,air) can be calculated by

cP Tð Þ;air ¼ 1:0679� 0:5378T
103 þ 1:3544T2

106 � 9:8872T3

1010

þ 2:4484T4

1013

(10)

The chemical exergy (exfuel) of the fuel is the main exergy
source of the micro-cogeneration system, which is obtained by
[17]:

exfuel ¼
C
3
þ H

� �
(11)

Another useful index is the sustainability index (SI) repre-
senting the sustainability that is measurement from the exergy
destruction ratio according to the fuel exergy of the energy con-
version system, which has a strong relationship with the exergy
efficiency and can be defined according to Eq. (12). A higher SI
value indicates a more efficient energy conversion system and,
consequently, a higher environmental benefit. For a more de-
tailed explanation, see [18].

SI ¼ 1
1� j

¼ 1� DP (12)

DP is the depletion ratio suggested by Connelly and Koshl and
represents the relation between the exergy destruction rate

_ExD
� �

and the fuel exergy rate _ExF
� �

and can be calculated
according to [19]:

DP ¼
_ExF

_ExD
(13)

The exergy efficiency ratio of the micro-CHP (jmicro-CHP)
system is expressed as the ratio of the total products (which are
the sum of the power output and the exergy of heat) to the fuel
exergy (which is equal to the chemical exergy of the fuel in the
considered system).

jmicro � CHP ¼
_ExP

_ExF
¼

_W þ _ExQ

_ExF
(14)

The exergy balance equations are summarized in Tab. 3.
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Table 3. Exergy and cost balance equations (SPECO).

Component _ExF
_ExP Cost balance and auxiliary equations

Boiler _Ex2
_Ex3 þ _Ex5 � _Ex1
� �

þ
_Ex6 � _Ex10
� � _C2 þ _ZB ¼ _C3 þ _C5 þ _C1

� �
þ _C6 � _C10
� �

; c3 ¼ c5;

c6 ¼ c10;
_C6 � _C10
� �
_Ex6 � _Ex10
� � ¼ _C3 � _C5

� �
_Ex3 � _Ex5
� �

Heat recovery steam generator _Ex3 � _Ex4
� �

_Ex12 � _Ex11
� �

_C3 � _C4
� �

þ _ZHRSG ¼ _C12 � _C11
� �

; c3 ¼ c4; c12 ¼ c11

Steam engine _Ex12 � _Ex13
� �

_W _C12 � _C13
� �

þ _ZSE ¼ _CW; c12 ¼ c13

Condenser _Ex13 � _Ex14
� �

_Ex20 � _Ex19
� �

_C13 � _C14
� �

þ _ZCOND ¼ _C20 � _C19
� �

; c13 ¼ c14; c20 ¼ c19

Heat exchanger _Ex15 � _Ex16
� �

_Ex17 � _Ex18
� �

_C15 � _C16
� �

þ _ZHE ¼ _C17 � _C18
� �

; c15 ¼ c16; c17 ¼ c18 ¼ c20 ¼ c19
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3.2. Exergoeconomic Analysis

After the exergy analyses were conducted, two different exer-
goeconomic approaches were employed: the SPECO method
presented by Lazzaretto and Tsatsaronis [20] and the ECE
method presented by Yucer and Hepbasli [21]. Firstly, the
SPECO approach is defined. In this approach, the cost balance
equation can be calculated as:

_CF þ _ZT ¼ _CF (15)

cF
_ExF þ _ZT ¼ cP

_ExP (16)

where _ZT is the investment cost rate (€ h–1) and it is calculated
by

_ZT ¼ PECFCRF
N

(17)

In Eq. (17), PEC is the purchased equipment cost (listed in
Tab. 4), CRF is the capital recovery factor, which is used to
determine the present value of the money, and F is the operat-
ing and maintenance factor, which is assumed to be 1.073 [22].
N represents the yearly operating hours of the system, which is
assumed to be 7500 h year–1. CRF can be written as

CRF ¼ i 1þ ið Þn

i 1þ ið Þn � 1
(18)

where i represents the inflation rate, which is assumed as 2 %,
and n is the life time of the facility, assumed to be 20 years.
According to Eq. (19), the cost of the exergy destruction rate

_CD
� �

in a process is the product of the exergy destruction rate
_ExD
� �

and the specific fuel costs (cF). Thus, more fuel is
required to compensate for the exergy destruction rate [23].

_CD ¼ cF
_ExD (19)

Finally, two exergoeconomic parameters, i.e. the relative cost
ratio (r) and the exergoeconomic factor (f), can be used for the
evaluation, which are defined by

r ¼ cP � cF

cF
(20)

f ¼
_Z

T

_Z
T þ _CD

¼
_Z

T

_Z
T þ cF

_ExD

(21)

Accordingly, the cost balance equations for the SPECO anal-
ysis are summarized in Tab. 3.

The ECE analysis includes both the effect of the exergy de-
struction rate and the costs of the used equipment and focuses
on the component that costs more and causes a higher exergy
destruction rate. In this analysis, a is the contribution of a spe-
cific component to the overall system, defined according to

a ¼ PECk

PECtotal
(22)

Moreover, b is the contribution of the exergy destruction rate
of a component to the total exergy destruction rate:

b ¼
_ExD;k

_ExD;total
(23)

Finally, ECE is calculated by

ECE ¼ ab (24)

The analysis of the system performance can be completed
with the estimation of the total cost of the destructed exergy
Ctotal (total exergy cost) in € a–1. The cost of the fuel necessary
to produce a useful exergy equal to the destroyed exergy (CTotal

in € a–1) can be calculated according to Eq. (25). The all-system
exergy destruction rate cost of a system (_ctotal in € kW–1a–1) can
be calculated by [24]:

_ctotal ¼
Ctotal

_ExF
(25)

Ctotal ¼ _ExD;totalN
1
j

z (26)

where z is the total fuel cost.

3.3 Enviroeconomic Analysis

Finally, the evaluation performed in this paper is the enviroeco-
nomic analysis to investigate how much CO2 is released from
the system aCO2

� �
and to determine the price of the released

CO2 CCO2

� �
, which are expressed in Eqs. (27) and (28) [25]. In

this method, it is clear to define how much CO2 is released,
and the related costs. That is why this method is added to the
analyses.

aCO2
¼ bCO2

_FuelconsumedN (27)

CCO2
¼ mCO2

aCO2
(28)
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Table 4. Purchase equipment cost of the components.a)

Component PEC [€]

Boiler 100 000

Heat recovery steam generator 10 000

Steam engine 48 000

Condenser 2000

Heat exchanger 1200

a) According to a telephone interview with the micro-CHP manu-
facturer (November 13, 2017).
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4 Results and Discussion

Exergy, exergoeconomic and enviroeconomic analyses were ap-
plied to a biomass boiler-steam engine micro-CHP system. The
results are given in Tabs. 5–8 and Figs. 2–5.

The electricity production of the retrofit system is 9.46 kW.
The results of the exergy analysis are given in Tab. 5. The
importance of the exergy destruction rate _ExD

� �
is that it

results from the irreversibilities or entropy generation in the
system causing a decrease in the system efficiency. As it is seen,
the exergy destruction rate _ExD

� �
of 255.75^kW of the boiler

(B) is the highest, corresponding to more than 90^% of _ExD of
the whole system. This is an expected result because the exergy
destruction rates in chemical reactions are commonly very high
[16]. The lowest exergy destruction rate _ExD

� �
in the system is

located at the heat exchanger and its value is 0.32^kW, while
the _ExD values of the HRSG, the steam engine, and the con-
denser are 6.18, 3.72, and 2.61 kW, respectively. Another
important criterion is the exergy efficiency (j) because it pro-

vides information about how much the considered system or
component is close to a reversible one.

The highest exergy efficiency (j) is located at the HRSG
(78.9 %), and the boiler (B) has the lowest exergy efficiency (j)
(29.2 %). Furthermore, the SI method can provide further indi-
cations about how the exergy efficiency affects the sustainability
of the resources. The SI values of the boiler (B), the HRSG, the
steam engine (SE), the condenser (COND), and the heat
exchanger (HE) are found to be 1.412, 4.739, 4.546, 3.788, and
1.866, respectively. The exergy destruction ratios (y) of the boil-
er, the HRSG, the steam engine, and the heat exchanger are
0.646, 0.016, 0.009, 0.007, and 0.0008, respectively. Finally, the
exergy efficiency (jsystem) and the sustainability index (SIsystem)
for the overall micro-CHP system are calculated. The exergy
efficiency of the micro-CHP is found to be 13.06 % and the SI
of the micro-CHP is found to be 1.150.

In Tab. 6, the results of the exergoeconomic analysis by using
the SPECO method, which indicates the cost of exergy flows,
are summarized. The SPECO method exergy flows are costing
and, in this method, exergy flows and cost flows are used for an
evaluation of the system. The cost rate of the exergy destruction
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Figure 2. SI values of the components for the retrofit micro-CHP
system.

Figure 3. Exergy efficiencies and exergy destruction rates of the
components for the retrofit micro-CHP system.

Figure 4. Relative cost differences and cost of exergy destruc-
tion rates of the components for the retrofit micro-CHP system.

Figure 5. Exergoeconomic factors of the components for the
retrofit micro-CHP system.
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rate _CD
� �

is the highest for the boiler (B) and its value is
3.683 € h–1, while the cost rate of exergy destruction rate _CD

� �
of 0.015 € h–1 is lowest for the heat exchanger (HE). The cost
rate of the exergy destruction rate _CD

� �
for the HRSG, the

steam engine (SE), and the condenser (COND) are 0.378 € h–1,
0.308 € h–1, and 0.216 € h–1, respectively. The relative cost differ-
ence ratio (r) is the relative increase in the average cost per
exergy unit between the fuel and the product of the component
[26], which is the highest for the boiler (3.500) and the lowest
for the HRSG (0.353).

Furthermore, the relative cost difference ratios (r) of the
steam engine, the condenser, and the heat exchanger are 0.957,
0.391 and 1.460, respectively. Using the exergoeconomic factor
(f), a balance between the investment costs and the exergy
destruction rate may be obtained. Thus, the exergoeconomic
factor (f) provides a comparison between the investment cost
and the cost of the exergy destruction rate. If f is higher than 1,
a reduction is recommended in the investment cost, and if f is
lower than 1, the exergy destruction rates must be decreased.
The highest value of f was calculated for the boiler (0.191), and
the lowest value, for the condenser (0.073). The exergoeconom-
ic factors (f) of the other components are 0.576 for the steam
engine, 0.187 for the HRSG, and 0.400 for the heat exchanger.

The results of the ECE are listed in Tab. 7. In contrast to the
SPECO analysis, this method is a component-based method
and it combines the exergy destruction rates and the cost of the
considered component. A low value of this parameter (ECE)
represents a more cost-effective and a more efficient compo-
nent. Accordingly, the most efficient component is the heat
exchanger, since it has the lowest value (0.000008). In contrast,
the boiler (B) has the highest value (0.590), exhibiting the high-
est exergy destruction rate _ExD

� �
and high costs in the system.

ECE is 0.0014 for the HRSG, 0.0042 for the steam engine (SE),
and 0.0001 for the condenser (COND).

The results of the total cost of destructed exergy (CTotal), the
irreversibility cost per input exergy, and the environmental and
enviroeconomic analyses are presented in Tab. 8. The total cost
of destructed exergy (CTotal) is found to be 3356.55 € a–1 and
the irreversibility cost per input exergy _ctotalð Þ is calculated as
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Table 5. Results of the exergy analysis for the retrofit micro-CHP system.

Component _ExF [kW] _ExP [kW] _ExD [kW] j [%] SI [–] y [–]

Boiler 342.06 86.31 255.75 25.2 1.334 0.646

Heat recovery steam generator 29.95 23.07 6.18 78.9 4.739 0.016

Steam engine 13.18 9.46 3.72 71.8 4.546 0.009

Condenser 9.9 7.29 2.61 73.6 3.788 0.007

Heat exchanger 0.69 0.37 0.32 46.4 1.866 0.0008

Table 6. Results of the SPECO analysis for the retrofit micro-CHP system.

Component cF [€ MJ–1] cP [€ MJ–1] _ZT [€ h–1] _CD [€ h–1] r [–] f [–]

Boiler 0.004 0.018 0.87 3.683 3.500 0.191

Heat recovery steam generator 0.017 0.023 0.087 0.378 0.353 0.187

Steam engine 0.023 0.045 0.419 0.308 0.957 0.576

Condenser 0.023 0.032 0.017 0.216 0.391 0.073

Heat exchanger 0.013 0.032 0.010 0.015 1.460 0.400

Table 7. Results of the ECE analysis for the retrofit micro-CHP
system.

Component a b ECE

Boiler 0.620 0.952 0.590

Heat recovery steam
generator

0.062 0.023 0.0014

Steam engine 0.298 0.014 0.0042

Condenser 0.012 0.010 0.0001

Heat exchanger 0.007 0.0012 0.000008

Table 8. Results of the total exergy cost, the irreversibility cost
per exergy input, the enviroeconomic analysis, the exergy effi-
ciency of the system, and the SI of the retrofit micro-CHP system.

Parameter Value

CTotal [€ a–1] 3356.55

_ctotal [€ kW–1a–1] 9.81

aCO2
[tCO2a–1] 67.5

CCO2
[€ a–1] 829.45

jsys [%] 13.06

SIsystem [–] 1.150
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9.81 € kW–1year–1. The carbon dioxide emission from the sys-
tem in a year xCO2

is equal to 67.5 t CO2 year–1. The enviroeco-
nomic value of the system CCO2

� �
is calculated as 829.45 € a–1.

In the next step, the results were compared with both ideal
systems. For the ideal system 1, the electrical power obtained
from the system is around 20.204 kWel, the exergy destruction
rate in the boiler is 228.64 kW, and the overall exergy efficiency
(jsystem) and the sustainability index (SIsystem) of the system
are 19.8 % and 1.247, respectively. Similarly, the ideal system 2
has 18.4 kWel electrical power output, an exergy destruction
rate _ExD

� �
of the boiler of 240.20 kW, and an overall exergy

efficiency and sustainability index of 19.2 % and 1.238, respec-
tively. Comparing ideal system 1 with the retrofit micro-CHP
system, the overall exergy efficiency (jsystem) increases by
6.7 %, the electrical power output increases by 10.0 kWel, the
sustainability index (SIsystem) increases by 7.9 %, while the
exergy destruction rate _ExD

� �
of the boiler decreases by 11 %.

Comparing ideal system 2 with the retrofit micro-CHP system,
the electrical power output increases by 9.0 kW, the overall
exergy efficiency (jsystem) increases by 6.1 %, and the sustain-
ability index (SIsystem) increases by nearly 7 %, while the exergy
destruction rate _ExD

� �
of the boiler decreases by 5.9 %.

Finally, the results from the calculations are compared with
various micro-CHP systems. However, a similar system has not
been analyzed in the literature, so far. Thus, three small-scale
micro-CHP were chosen. For the first type, four different
organic Rankine cycles (ORC), namely, the simple ORC, the
regenerative ORC with a regenerative heat exchanger, the
regenerative ORC with an open feed liquid heater, and the
regenerative ORC with a closed feed liquid heater, were chosen
from ref. [27]. Their exergy efficiencies (jsystem) range from
6.77 % to 8.07 %, which is approximately 6–7 % lower than for
the retrofit micro-CHP system. For the second type, a micro-
CHP that has a gas-fueled internal combustion engine, a sys-
tem with an electrical capacity of 5 kWel and a heating capacity
of 12.5 kWth was chosen from ref. [23]. Its exergy efficiency
(jsystem) was calculated as 33.8 %, which is more than twice
that of the retrofit micro-CHP system. Thirdly, two ORC sys-
tems driven by geothermal and solar energy and with an elec-
trical capacity of 50 kWel were investigated in ref. [28]. Accord-
ing to the results, the exergy efficiencies (jsystem) range from
22.7 % to 25.0 %, depending on the working fluid and for the
single-pressure layout. For the double-pressure layout, the
exergy efficiencies (jsystem) range from 17.5 % to 20.0 %. Thus,
the exergy efficiency of the considered system is relatively low.

5 Conclusions

A micro-CHP system based on a biomass boiler and a steam
engine was investigated by using exergy, exergoeconomic and
enviroeconomic analyses. A comparison of the results with
other micro-CHP systems in the literature highlights that it has
relatively low exergy efficiency [21–23]. This means that the
considered system has improvement potential in terms of
exergy efficiency. Since the lowest exergy efficiency is located at
the boiler and similar results are valid for the sustainability
index, further efficiency improvements shall be focused on the
boiler. In this case, the boiler efficiency should be improved,

and one way to improve the combustion or, as another solu-
tion, to increase the exergetic efficiency is to choose a boiler
with a lower capacity. However, the comparison of the retrofit
system with the ideal system highlights that the maximum
exergy efficiency that can be obtained is 19.8 %. The upper limit
for the electrical power output is about 20 kWel. This means
that the investigated system has 10 kWel theoretical improve-
ment potential in terms of power output. Under any condition,
the exergy destruction rate of the boiler is higher than 225 kW.

Furthermore, the results from the SPECO analysis show that
steam engine is strongly related to the operating conditions,
and according to the exergoeconomic factor, the boiler is
mainly affected by the capital costs. According to the ECE
results, the boiler and the steam engine exhibit the highest val-
ues, respectively. Consequently, these components should be
focused on for further economic improvements. For the eco-
nomic improvements, the capacities of the components can be
checked and they can be exchanged by more suitable ones.
Another way is to decrease the exergy destructions by decreas-
ing the irreversibilities in it, such as by increasing the combus-
tion efficiency and increasing the effectiveness of the HRSG
with condensing technology.

Therefore, if the flue gas temperature entering the HRSG can
be increased, the exergy and cost efficiency as well as the elec-
trical power output of the system increase.
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Symbols used

a [–] contribution of a specific
component

b [–] contribution of the exergy
destruction of a component to the
total exergy destruction

c [€ MJ–1] unit exergy cost
C [€ h–1] exergy cost rate
CRF [–] capital recovery factor
DP [–] depletion ratio
e [–] excess air
ex [kJ kg–1] specific exergy
_Ex [kW] exergy rate
f [–] exergoeconomic factor
i [%] interest rate
k [–] inverse of exergy efficiency
_m [kg s–1] mass flow rate
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n [years] life time of the system
N [h year–1] yearly operating hours of the system
P [kPa] pressure
r [–] relative cost difference
T [K] temperature
w [wt %] water content
_W [kW] power output

y [–] exergy destruction ratio
z [€] total cost of fuel
_Z [€ h–1] capital investment cost flow rate

Greek symbols

aCO2
[tCO2 year–1] released CO2

bCO2
[kgCO2kW–1h–1] CO2 emission value for the energy

option
mCO2

[€ a–1] cost of CO2

F [–] operating and maintenance factor
j [%] exergetic efficiency
c [–] volume fraction

Subscripts

avg average
D destruction
F fuel
k k-th component
o environmental conditions
P product
Q heat
sys system
x,y,z numbers of atoms of elements

Abbreviations

CHP combined heat and power
ECE exergetic cost effectiveness
HRSG heat recovery steam generator
ORC organic Rankine cycle
PEC purchase equipment cost
SI sustainability index
SPECO specific exergy cost
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