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THE TECHNO-ECONOMIC JUSTIFICATION FOR THE CHANGING OF A SYSTEM FOR
SEPARATE HEATING/COOLING AND ELECTRICAL ENERGY PRODUCTION WITH A CCHP
SYSTEM WITH A MICRO-TURBINE AND ABSORPTION REFRIGERATION UNIT
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Original scientific paper
The system of separate production of heat energy from a boiler and cooling energy from a compression refrigeration unit powered with electrical energy
from an external network can be replaced with a CCHP system based on the operation of a gas turbine and absorption refrigeration unit. For this purpose,
models of the system were derived through the use of the object-oriented programming language Modelica, on the basis of which steady-state simulations
were carried out, as well as technical-economic and the sensitivity analysis of the system, in relation to the changes of influential parameters such as
coefficient of performance, the boiler efficiency, the ratio of the electric load, costs of electrical energy, fuel prices and investment costs. Developed
system model is intended to be used in further research for dynamic simulations with implemented dynamic boundary conditions.
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Tehno-ekonomska opravdanost zamjene sustava odvojene proizvodnje toplinske/rashladne i elektriéne energije CCHP
sustavom s mikroturbinom i apsorpcijskim rashladnim uredajem

Izvorni znanstveni ¢lanak
Sustav odvojene proizvodnje toplinske energije iz kotla, energije za hladenje iz kompresijskoga rashladnog uredaja i elektri¢ne energije iz vanjske mreze
moze se zamijeniti CCHP sustavom koji se temelji na radu plinske turbine i apsorpcijskoga rashladnog uredaja. Za tu su namjenu napravljeni su modeli
sustava primjenom objektno orijentiranog programskoga jezika Modelica, na temelju kojih su vrSene simulacije za stacionarna stanja i izvedena tehno-
ekonomska analiza te analiza osjetljivosti sustava u ovisnosti o promjeni parametara kao Sto je faktor hladenja, stupanj iskoristivosti kotla, omjer
elektri¢nog opterecenja, cijena elektri¢ne energije, cijena goriva i tro§ak investicije. Razvijeni model sustava koristiti ¢e se u istrazivanjima koja slijede za

dinamicke simulacije s uvedenim dinami¢kim rubnim uvjetima.

Kljucne rijeci: analiza osjetljivosti; apsorpcijski rashladni uredaj; CCHP; kompresijski rashladni uredaj; mikroturbina; Modelica; SimulationX

1 Introduction

The production of thermal energy O, for heating
requirements, which is obtained from a boiler (B)
powered by fuel oil, and the cooling energy Q. from the
compression refrigeration unit (CRU), powered by
electrical energy from the external electrical network,
represents a permanent expense during the operation of a
heating, ventilating and air-conditioning (HVAC) system.
Such a system could be improved by replacing the
inefficient components of the system with those of higher
efficiency. Another method of improvement can be
achieved by replacing the base system with a new system
that produces electrical, heat, and cooling energy, so
called the CCHP system (Combined Cooling, Heating and
Power). This system can be designed as a combination of
the gas turbine powered generator and the absorption
refrigeration unit (ARU). The replacement system should
result in more favourable technical and economic
parameters that would enable a return on the investment,
and the creation of conditions for the income increase.

The functioning principles and the various energy
analyses of the CCHP system, described in the literature
[1 = 11], confirm that the CCHP system is applicable for
HVAC applications of facilities.

This paper deals with the issue of the functioning of
the CCHP system that takes place in a period of lower
(LT) and higher tariffs (HT) of electric energy prices [12],
either sold C,,, or bought from an external network C,,
[13]. Different natural gas cost C;yg [14] and heating oil
cost Cypo [15] affect the economic feasibility of investing
in the project. The best way to determine the feasibility of

the investment is a techno-economic analysis, as well as a
sensitivity analysis. The sensitivity analysis is a method
used to assess the potential risks affecting the techno-
economic feasibility of investing in a project, where it is
not only important to quantify the risk, but also to identify
the factors to whose changes the project is particularly
sensitive. In this paper, special attention was paid to the
sensitivity analysis of a low-power CCHP system (up to 1
MW) [16], by using the programming language Modelica
[17 + 19] and simulation environment SimulationX [20].

2 The main components of the CCHP system

The performance of a low-power gas turbine, the so-
called micro-turbines is based on the Joule-Brayton
process, where the gas temperature at the turbine inlet is
limited to 950 °C in order to allow for the use of
relatively inexpensive materials. The output gases
temperature ranges from 200 to 300 °C [21]. Currently
the market offers micro-turbines until 250 kW [22, 23].
Models with higher power can be designed as a
combination of multiple smaller devices. The advantage
of connecting more turbines (Fig. 1 and Fig. 2) is
reflected in a higher efficiency with various loads, while
the shortage is an increase in investment costs.

This paper discusses a CCHP system with micro-
turbines with an installed capacity of 600 kW, obtained by
connecting three 200 kW micro-turbines [23].

The characteristics of the gas turbines from different
manufacturers are based on the ISO standard conditions
corresponding to the inlet air temperature of 15 °C. Gas
turbines, at different locations, operate in different
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environmental conditions which significantly affects the
turbine's power and the specific fuel consumption [24].
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Figure 1 The efficiency of a low-power gas turbine, example: 200 kW
turbine [23]
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Figure 2 The efficiency of a low-power gas turbine, example: 600 kW
turbine set consisted out of three 200 kW turbines [23]
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CCHP system, shown in Fig. 3, provides the heat
from the gas turbine, through the flue gases, and it is
delivered to consumers for heating directly or for cooling
by the operation of the absorption refrigeration unit.
Depending on the needs of the consumers, the medium
used for the heat transfer can be hot water, steam or flue
gases.

The absorption refrigeration units (ARU) that work
with binary mixtures NH;—H,O or LiBr-H,O, depending
on the chosen mixture and number of degrees of
absorption, require different temperatures in the heat
generator of the device, and are distinguished by:

e Single-stage LiBr-H,O unit, which operates with
normal operating temperatures in the generator
ranging from 60 to 110 °C, can be powered by warm
water, hot water, low-pressure steam or directly by
flue gas. The thermal/cooling ratio or coefficient of

Figure 3 Tri-generational system, GT-ARU

performance (COP) of such a device is in the range of
0,6 t0 0,8.

e Two-stage LiBr-H,O unit, which operates with
normal operating temperatures in the generator
ranging from 120 to 170 °C, can be powered by hot
liquid, steam (2 + 8 bar), or directly by flue gases.
The thermal/cooling ratio (COP) of such a device is
larger and ranges from 1,0 to 1,5.

Regarding to the temperatures of flue gas output, the
gas turbine systems can operate with single-stage or two-
stage absorption refrigeration units.

Since the two-stage refrigeration units operate with a
higher COP, this research used a two-stage ARU with the
installed cooling power of 872 kW selected from the
catalogue of one of the producers [25]. The principle of
the two-stage ARU is based on the same principles of
thermo-chemical reaction of sorption and desorption as
well as single-ARU. The difference is that the functioning
of the two-stage ARU requires higher operating
temperature, resulting in a higher COP.

3 System models

This paper analyses gas turbines of installed capacity
from 0,2 to 1 MW. This power scale is adequate to the
small-scale power of the CCHP. In order to analyse the
CCHP systems the energy models of the system are
defined. The fuel energy Oy is transformed into various
forms of energy such as heat O, electrical energy Q. and
cooling energy Q.. The following models of thermo-
technical systems were formed:

External electical network
—_ —_— e — T

0, CRU 0,
Qf " B 9,
Figure 4 Model BS
o, ,
External electical network
———————— - —— - - — — — — —
o, GT S ARU — 0,
PB - o,
Figure 5 Model CCHP

The basic model of the system (BS) is shown in Fig.
4. Tt includes the production of thermal energy from the
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boiler (B). The energy needed for cooling O, is obtained
from the compression refrigeration unit (CRU), powered
by electrical energy obtained from the external network,
while the demand for electrical energy is met through the
external network.

The CCHP model, shown in Fig. 5, involves the
production of electrical energy Q. by gas turbine (GT).
The energy needed for the cooling Q. is obtained from the
absorption refrigeration unit (ARU) using the output heat
from the gas turbine. A peak boiler (PB) is used in order
to compensate a possible lack of thermal energy.

4  The techno-economic parameters of systems

The basic characteristics by which we can analyse
and compare the energy efficiency of the BS and CCHP
systems are defined by Egs. (1) + (18).

The electrical degree of fuel energy conversion of the
gas turbine represents the ratio of generated electrical
power and consumed fuel power by the gas turbine:

Me=—— 1)

The consumption of fuel energy per unit of electrical
energy of the gas turbine HR (Heat Rate):

HR="1, 2)

7.

The ratio of the electrical load X, is the ratio of
produced electrical power and the maximum electrical
power of the gas turbine:

X, == 3)

The ratio of thermal loads Xj, is the ratio of produced
thermal power and the maximum thermal power of the
gas turbine:

X Qh ( 4)

A =
Qh,max

The ratio of the refrigeration load X. is the ratio of the
cooling power and the maximum cooling capacity of the
refrigeration unit:

X == (5)
Qc,max
The total level of the fuel energy efficiency:
+
Mot = M (6)
Or

The total energy efficiency of the BS model [26]:

. ~ Qecru+ s
BS =T/ o
o O, cru N Onp

ne,a 778

()

where is #,,, average efficiency ratio between the gross
production of electrical energy and the consumption of
primary energy for its production, and it is calculated as
the average value for the entire European Union based on
the FEurostat data. The values 7,, depend on the
production and type of fuel. The share of electrical energy
consumed in the Republic of Croatia is derived from
various sources, where 50 % of the necessary energy is
imported [14] and whose sources depend on the country
from which imports occur, which in turn affects the value

7]3,{1-
The total energy efficiency of the CCHP model:

o1+ Onor + O pa
Orer+9; ps

®)

Tor,ccHP =

On the basis of the information provided by the
equipment manufacturer [23, 25, 27] functional
correlation curves were made indicating individual
characteristic values in dependence on the ratio of the
load (X, X), X.) and the ambient temperature 7,, which
enables the construction of a system model made up of
sub-models: the gas turbine (GT), the absorption
refrigeration unit (ARU), the boiler (B) and peak the
boiler (PB) for covering peak thermal load.

The paper uses the functions of the characteristics of
gas turbines f(X,, T,) depending on the load ratio X, and
the ambient temperatures 7, for the location of Zadar [28]
with a nominal power of 600 kW [23], where the function
f represents the characteristics of the gas turbine

Qe, Qh’ Qf and HR.
The effectiveness of ARU is defined by the
coefficient of performance according to the expression:
0,
COP,,, = 5 9)

h

where the cooling power is ., and the thermal power

delivered to the heat genefator of the absorption
refrigeration unit is Q, .

The efficiency of the CRU is defined through:
COPrpy = %, (10)

e

where the cooling power is QC and the electrical energy

needed to operate the compression refrigeration unit is Q..
The paper uses the characteristics of the refrigeration unit
COP (X,, T,) in dependence of the load ratio X, and the
ambient temperature T, [29].

The efficiency of the boiler is defined by:
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le
p =, 11
n 0, (11)

where Qh is the produced heat power and Qf is the spent

fuel power. The paper uses the characteristics of the boiler
n,(X,,T,) in dependence of the load ratio X, and the

ambient temperature T, [27].
The expense of fuel for the gas turbine in a time
period from £, to ¢, is as follows:

f
Eygr=Cy [y grdr, (12)
o

where the price of fuel is Cp; €/kg. The flow of the fuel for
the gas turbine n'zf’GT, kg/s, is calculated by:

_HR(X,,T)-0.(X,.T,)
1ot 3600- LHV

; (13)

where LHV, kJ/kg is the lower heating value.
The expense of electrical energy for the CRU in a
continuous time period from ¢, to # is as follows:

n .
E, cru =cedet. (14)
10 €OFcru

The total expense of investment and maintenance E,,,
€, is the sum of the cost of investment and maintenance.
These costs are calculated based on the equipment unit
price and installation, Cgr, Cyry, Cpp, €/kW, and the cost
of operation and maintenance Cpgy, €/(kW-h) [30].The
total cost of investment and maintenance is calculated
according to:

E,=Eg+E; zy+E;+Epgy- (15)

The income in a CCHP model is based on the profits
acquired from the sale of electrical energy 7, that is:

Ie,s = Qe . Ce,s > (16)

where C,,, €/(kW-h), is the selling price of electrical
energy depending on the tariff system.

Profit (P), which is realized through a CCHP model, is
the difference between the expense (E) of the basic model
and the CCHP model decreased with the income of the
CCHP model. The income (/) achieved through a CCHP
model is the income earned from the sale of electricity to
external network and the income achieved from
greenhouse gas emission costs. The expense (£) of the
CCHP models is the fuel expense E.

The profit of the CCHP system is as follows:

I)tot = (Ef,BS +Ee,p,BS)_

J (17

(Ef,cCHP - Ie,s,CCHP - GHG,CCHP)'

In the paper the achievable income of the greenhouse gas
emission costs is neglected due to a low cost price of the
income paid from greenhouse gas emission cost in the
area of the Republic of Croatia [31].

The payback period with the CCHP model
represents the ratio of investment costs in relation to the
annual profit, and it amounts to:

E
PBP ==, (18)
B,

5 Energy system analysis

The input values of heating and cooling load (external
load), in case of replacing the system of separate
production, can be collected after years of the operation,
on a daily or hourly level or calculated and displayed as
an average of the daily or monthly load values.

For the purposes of the dynamic simulation, whose
load values change on an hourly basis during the year it is
necessary to have available an application that is able to
implement a dynamic simulation for such a time step,
while for the purposes of the simulation with higher time
step (a month) it is possible to work with applications that
are based on the table calculator such as RetScreen [32]
and other similar solutions.

During the simulation based on the input load,
parameters are being calculated for the individual system
components that are defined by static, y=f(x) or dynamic
characteristics, y(£)=f]y(f)].

In the case of a simulation, with a time step lower
than 1h, and defined static / dynamic characteristics of the
system commercial applications with a closed program
code such as TRNSYS [33] can be used, or an individual
program solution can be created by using programming
languages such as Modelica [17 + 19]. Modelica is an
object-oriented language for describing physical models
and their components, suitable for describing complex
physical systems from areas such as mechanical,
electrical, electronic, hydraulic, and thermal engineering.

In this paper, describing a particular example, the
average values of the input loads were used as inputs in
the individual software solution for the CCHP_mo made
in the programming language Modelica and simulation
environment SimulationX [20], while components are
described by static characteristics as well (Fig. 6, Fig. 7).

5

CRU

I Qe,CRU .HT
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y O, BT 9
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Figure 6 Model BS, Modelica/SimulationX
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This analysis uses the input value of the average daily
load that can be treated as a measured or calculated value
using RetScreen [27] for the supposed location of Zadar
city (Croatia), the space size of 20 000 m’ and the
losses/gains of heat from 70/40 W/m?”. Considering that
Reetscreen does not offer the calculation of external load
on the hour/day level the resulting values of load on the
month level are brought to daily level and divided on the
daily and nightly period of work which corresponds to the
higher and lower tariff. The aim of the paper was not to
calculate input values into the model (which is the plan of
another paper) but on the ground of input values (which
can be measured if the reconstruction plant is in case) that
can vary from case to case or as in this case for the
presupposed plant to perform general calculation and on
such values perform simulation.

For such a basic model an average cooling and
heating load is shown in Fig. 8. On the basis of the
average daily load the thermal load, during daytime and
nigh time operations of the system, is determined
corresponding to the operation of the system within a
higher or lower tariff-rate. The value of thermal loads
within the day period is obtained assuming that the load
of the day period is 50 % higher than the average daily
value, while the value of the thermal loads for the night
period corresponds to 30 % of the average daily load.

1000 -
900 o0,
800 = Q.
700
600 -
500+
400+
300+
200+
100

O i
Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec
Month

Figure 8 Average cooling and thermal load of the basic model

Q /kW

Fig. 9 and Fig. 10 indicate the average load of the
CCHP system in the strategy of following the thermal
load and the minimum allowed ratio of the electric load of
50 %, during periods of higher and lower tariff.

The results of the simulation of the operation of the
CCHP system, which indicate the integrated values of
energy flows, in a one year period, are shown in Fig. 11.

Figure 9 The load of the CCHP system during a higher tariff period and
the limitation X, min = 50 %
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Figure 10 The load of the CCHP system during a lower tariff period and
the limitation X, min = 50 %
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Figure 11 The energy of the CCHP system during the higher and lower
tariff and the limitation X, min = 50 %

For the economic and sensitivity analysis, the prices
shown in Tab. 1 were used.

Table 1 Energy cost rate included in calculations [12 + 15]

Energy type Mark Unit Price

Natural gas Crag €/GJ 12,296

Heating oil Cruo €/1 0,4915

Electric energy (HT) Conr €/(kW-h) 0,1381

Electric energy (LT) Corr €/(kW-h) 0,0740

6 Sensitivity analysis

The changing values of the input techno-economic
parameters affect the value of output variables such as the
efficiency and the return rate of investment. Considering
that the decision on the investment in the project is made
on the basis of these values, an analysis of sensitivity [34]

Tehnicki viesnik 23, 1(2016), 99-106

103



The techno-economic justification for the changing of a system for separate heating/cooling and electrical energy production with a CCHP system with ...

. Glavan et al.

is made in order to be able to predict the behaviour of the
system in relation to changing conditions.

The purpose of the sensitivity analysis is to show the
sensitivity of the simulation model based on the changes
in the input data or to investigate how a particular
project’s techno-economic parameters react to changes of
certain parameters. The method is based on the "freezing"
of all variables in the model, except one, on the basis of
which its effect on the output is being determined. The
paper presents an analysis of sensitivity based on
simulations of CCHP model developed in the
programming language Modelica and simulation
environment SimulationX. The analysis of the influence of
the following techno-economic parameters:

e the selling price of electrical energy C,,,
the purchase price of electrical energy C,,
the price of natural gas Cyyg,

the price of fuel heating oil C; o,

the total investment expanse E,,,

the minimal ratio of the electric load X,
the coefficient of performance COP gy,
the boiler efficiency 7.

V\'\ {1
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Figure 12 Payback period of the CCHP model depending on the
changes in energy and investment prices

electrical energy C,,, as well as the price of natural gas
C/;NG-

Fig. 13 and Fig. 14 indicate changes in techno-
economic parameters of the CCHP model depending on
the change of the coefficient of performance and the
boiler efficiency of the basic model. The results indicate a
relatively low impact on the PBP, but a significant impact
on the total efficiency of the basic system model. From
the technical point of view this result raises the question
of feasibility about the investing into a CCHP system.
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Figure 14 PBP and 7,,, s of the CCHP model depending on changes of
np of the basic model
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Figure 15 The sensitivity of the techno-economic parameters PBP and
7o, 8s Of the CCHP model to the minimum electrical load ratio X, min
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Figure 13 PBP and 7, s of the CCHP model depending on changes of
the COP cxy of the basic model

Simulation is performed for the starting parameter
values COPcry=3, 15=0,8, #.,=0,35 in case that all
electric energy is purchased from the coal power plant.
Fig. 12 indicates the results of the simulation of the
CCHP model for PBP during the period of one year, for
changing range of influential parameters within the limits
of £30%. From the results it is visible that the most

influential parameter on PBP is the selling price of
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Figure 16 The total level of efficiency in relation to the change in the
average efficiency generation of electricity 7,

Fig. 15 indicates changes in techno-economic
parameters of the CCHP model depending on the
minimum value X, yi». The results show that the optimum
value is in the range of X, i, between 50 + 60 %.
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For the X,mn lower than 50 % an increase in the
operating hours of the gas turbine occurs during the
period of unfavourable low tariffs, which affects the
increase of the value of PBP.

For the value of X, ., greater than 60 %, an increase
in 7y, ccyp due to the reduced number of operating hours
of the gas turbine, and an increase in the portion of heat
produced by the peak boiler, operating with a higher 7;
than 7, ¢r, affecting thus operating the increase in the
total level of energy efficiency of the CCHP model,
Ntor,cCHP-

Fig. 16 indicates the total energy efficiency in
relation to changes of the average efficiency of the power
production system 7,,, where the average efficiency is the
ratio between the gross production of electrical energy
and the consumption of primary energy for its production,
and it is calculated as the average value for the entire
European Union based on the Eurostat data. The values
7., depend on the production and type of fuel.

7 Conclusion

The system of separate production, which includes
the production of thermal energy from a boiler and
cooling energy from the compression refrigeration unit
powered by electrical energy from the external network,
can be replaced by a CCHP system based on the work of
micro-turbine and the absorption refrigeration unit.

Using the programming language Modelica, for the
modelling complex physical systems, a software solution
was created as well as a dynamic simulation. Modelica
programme language allows the development of
individual models of certain components depending on
needs. Commercial applications do not offer the
possibility to influence on the programme code and so
constrains the wuser to develop individual model
components.

The simulation of a low power CCHP system was
conducted using a micro-turbine and a two-stage
absorption refrigeration unit. An analysis and comparison
of CCHP system in relation to the model of separate
production of heating and cooling energy was also
conducted. The simulation was conducted assuming that
the basic model uses oil for the operation of the boiler,
while the CCHP system uses natural gas for the micro-
turbines and the peak boiler.

A simulation of the system for changing techno-
economic conditions was also conducted. The results
indicate that the operation of CCHP system during
periods of lower and higher tariffs, following the strategy
of the thermal load, is economically justified. The
minimum load ratio of 50 % allows the system to operate
with a lower tariff, while the energy needed for the
thermal loads is being compensated from the peak boiler
powered by natural gas, preventing thus the operation of
micro-turbines at low loads, and reducing in turn the
amount of electricity produced during the unfavourable
tariff.

A sensitivity analysis was also conducted in relation to
the change of parameters such as the COP compression-
cooling unit, the efficiency of the boiler in the basic
model of separate production, and the load ratio of the
micro-turbines.

The simulation results indicate that, regardless of the
fact that the basic model (BS) could be improved from a
technical standpoint, such a system permanently increases
the costs in relation to the CCHP system which can
generate profit, depending on the economic parameters
such as fuel and electrical energy costs.

Model produced using Modelica/SimulationX is
capable for dynamic simulations, using adequate input
parameters and dynamic boundary conditions. Further
research will be aimed to dynamic simulations on selected
examples and comparison with results achieved using
Transys in order to evaluate adequacy of Modelica for
such analyses.
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