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Abstract. The problem discussed in this paper is optimal sizing of biomass-fired ORC cogeneration units
into existing coal-fired district heating plants under given site-specific technical, economic and ecological
constraints. In this paper the municipal heating plant in Krosno (Poland) is taken into account as the
reference case. Basing on the operational experiences from this unit an optimisation study has been
performed in order to examine the influence of current economic and legal conditions on the optimal design
characteristics of the plant. Different electricity, biomass and coal prices are taken into account as well as
the influence of the EUA (European Emission Allowance) price is examined. There are taken into account
thermal energy storage and sale of electricity on balancing market. It has been found that in the studied case
the implementation of hot water storage tank moves the optimal electric power output slightly towards
higher values. On the other hand only a small improvement of financial performance has been gained. The
results reveal importance of the optimisation of design parameters as well as the dependence of the plant’s

size and structure on local economic conditions.

1 Introduction

A possible way for deployment of Renewable Energy
Sources (RES) technologies into the energy market is
modernisation and retrofitting of existing fossil-fuel-
fired production facilities [1]. In the case of biomass,
there have been usually initiated cogeneration projects in
locations where a heat market had existed. Therefore,
most of biomass-fired ORC systems have been installed
in district heating systems [2]. The biomass-fired ORC
modules are usually being added to existing fossil-fuel-
fired heating plants within backfitting projects focused
on using locally available feedstock, making profits out
of electricity generation and CO, emission reduction.
Such projects result in change of a given heating plant
into a dual-fuel cogeneration plant (CHP). The critical
issue of a project of this type is optimal selection of the
biomass-fired block size and its integration with the
existing heat only boilers. The design task also includes
elaboration of operational strategy and design of control
algorithms as the system will run under variable load and
price conditions. Current experience shows that
cogeneration modules have been traditionally sized for
either base or medium heating load of district heating
network [3, 4]. However, for best effects the
optimisation task must be properly formulated under
site-specific heating load profile, economic (including
financial support mechanism) and legal conditions [5],
including different strategies to sell electric energy
generated in cogeneration.

There have been presented in the literature several
studies on optimisation of ORC cogeneration systems [4
- 9]. The critical problem of such task is selection of
proper objective function and constraints. In industrial
practice optimization is usually carried out using an

economic objective function,
financial effect [10-11].

In this work, there is presented simulation based
optimisation of ORC system size and technological
structure within backfitting projects of district heating
plants. The optimisation task has been solved by
searching the area of allowable solutions and therefore
impact of key design variables on objective function has
been depicted. The proposed methodology has been
based on operational experiences of a real case. The
municipal heating plant in Krosno (Poland) has been
taken into account as the reference system. In 2013 there
was commissioned biomass biomass-fired cogeneration
system with the Turboden T14 CHP SPLIT unit of 1255
kW net electric power. The optimization study has been
performed in order to examine the impact of current
economic and legal conditions on the optimal design
characteristics of the ORC system. The main decision
variables have been power output of the ORC unit,
presence of thermal energy storage tank (TES) and its
volume. Different electricity, biomass and coal prices are
taken into account as well as the influence of the EUA
(European Emission Allowance) price is examined. The
results reveal importance of the optimisation of design
parameters as well as the dependence of the plant’s size
and structure on local economic conditions.

expressed by local

2 Reference system

In the city of Krosno the biomass-fired CHP block
has been added to existing coal-fired heating plant. At
present, the technological system consists of two
subsystems, namely the coal-fired heat-only boiler
(HOB) subsystem and the biomass-fired CHP
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subsystem. Schematic diagram of the integrated plant
has been depicted in Fig. 1. Duration curves of heating
load, network water temperature and flow have been
shown in Fig. 2 and 3. The peak heating load of the
system is around 30 MW and the maximum grid forward
water temperature is around 125°C.
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Fig. 1. Schematic process diagram of the CHP plant in Krosno
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Fig. 2. Heat load duration curve
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Fig. 3. Water temperature and flow duration curves

Within the heat only block there are 4 WR type
forced circulation coal-fired water-tube boilers with
mechanical grate (HOB1-HOB4). This is one of the most
popular boiler constructions in the Polish heating sector.
The nominal heating output of the WR10 boiler is 10
MWth and of the WR4.8 is 4.8 MWth. Design thermal
efficiency of each boiler is at the level of 83% (ratio of
heat output to fuel LHV chemical energy input). The fuel

is hard coal of the lower heating value (average
weighted): LHV =23.2 MJ/kg.

Technological structure of the biomass-fired ORC
block in Krosno has been depicted in Fig. 4.
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Fig. 4. Process diagram of biomass-fired ORC reference block
(legend: 1 — SPLIT heat exchanger/MDM preheater; 2 — MDM
heater; 3 — MDM evaporator; 4 turbine by-pass valve; 5 —
turbine inlet valve; 6 — turbine; 7 — electric generator; 8 —
working fluid regenerative heat exchanger; 9 - MDM
condenser/DH network water heater; 10 — filter; 11 — pump; 12
— biomass combustion furnace; 13 — spiral type thermal oil

heater; 14 — high temperature economiser; 15 - low
temperature economiser; 16 — recuperator/combustion air
heater; 17 - exhaust gas latent heat recovery unit

(condensation) 18,19 — thermal oil three-way admission valves;
EGR — exhaust has recirculation)

The ORC unit was sized for the base heating load of
the district heating network. The rated thermal output of
the condenser is 5341 kW and the maximum output is
5350 kW. The ORC module’ generator has the rated
electrical power output of 1400 kW. The rated power of
the biomass-fired furnace is 8529 kW. The furnace is
adjustable in the power range of 30-100%. The rated
heat output of the flue gas-thermal oil heat exchangers
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is: 6715 kW. The energy efficiency of the boiler declared
by the manufacturer is 85-88%, which has been
confirmed by measurements. The fuel delivered into the
biomass boiler has variable composition and water
content of up to 55%. Its lower heating value is between
8 — 12 MJ/kg. The quality of fuel varies both seasonally
and daily. Thermal oil system consists of two loops: high
temperature HT (310/250°C) and low temperature LT
(250/130°C). The thermal oil transfers heat to the
evaporator and the working fluid preheater of the
Turboden 14 CHP SPLIT ORC module. The working
fluid within the ORC is MDM (Octamethyltrisiloxane).
After expansion in the ORC turbine the working fluid
goes through the regenerative heat exchanger to the
condenser 9 where heat is transferred to the heating
network. Operational experiences of this system have
been discussed in [12].

3 Optimisation problem

The problem in this work is to optimally design new
biomass-fired ORC cogeneration block for existing coal-
fired heating plant. The plant is located in Poland where
the system of incentives has been established for
cogeneration and renewable energy projects in the form
of market oriented Quota Obligation Systems [1]. The
ORC unit will be installed at a plant of the fuel chemical
energy input higher than 20 MW, thus being subject to
European CO; Trading System (ETS). Therefore,
another financial support instrument for the investment
project is the trade of European Emission Allowances
(EUA). Moreover, the electricity is partly used to cover
own demand of the company and partly traded on the
balancing market at variable prices. The project does not
affect the amount and the parameters of the generated
network heat.

There have to be decided values of key decision
variables to achieve the best value of a selected quality
indicator (objective function) under given constraints.
These are: load profiles, feedstock characteristics,
parameters of district heating water, energy and
substance balances, equations of thermodynamic
processes, equations of state, stoichiometry of
combustion reactions, heat transfer principles, process
dynamics, characteristics of equipment, properties and
limitations of substances (working fluid, heat transfer
oil, combustion gasses), etc. Eventually, the task is:

minj (x4, X3, ..., Xp) (1)
s.t. Gi(x1, %5, e, X)) = 0;i=1,2,..k (2)
Hj(x1, X2, ooy X)) > 0;j=1,2,..m 3)

where x; are independent decision variables.

Traditional economic indices of investment projects,
i.e. Net Present Value (NPV) and Internal Rate of Return
(IRR) within given time horizon have been assumed to
be alternative objective functions:

J=NPVorj=IRR (4)
NPV = ¥V ACF;

=1 (141t

— CAPEX (5)

N ACF
t=1(1+IRR)t

Where: CAPEX- capital expenditures [PLN]; CF — cash
flow [PLN]; N — project duration (years); r- discounted
cash flow rate; t — year number,

—CAPEX =0 (6)

Although many system parameters need to be
selected at the design stage [6-9] in this work the number
of independent decision variables has been limited to the
nominal power of the ORC generator and the volume of
TES. The search limits have been set within the range of
200 — 5000 kW and 200 — 5000 m® for TES volume
respectively. Instead of detailed modelling of the
thermodynamic cycle the nominal electrical efficiency of
the ORC unit has been determined using market data for
biomass-fired ORC cogeneration units with MDM as
working fluid and 60/80°C cooling water temperature
[15]:

Netnom = 0.01221n Py gep nom + 0.1004 (7

Total capital expenditures (CAPEX) for biomass-
fired ORC CHP systems have been assessed using data
published by IFC [14]. These data have been fitted with
the curve (in EUR/mM3):

0,266

CAPEXcpp = 5584,4(Py; gennom) (8)

In the case of TES the investment cost equation has
been elaborated using vendors data (in PLN/m?3):

CAPEX;gs = —1409In Vygs + 14797 9)

Although accuracy of this initial model is limited it
represents design nonlinear trend curves for ORC
systems. The methodology is typical for prescreening of
possible solutions and identification of potential location
of the optimum. In the region of optimum an additional
sensitivity analysis would be required in a real business
case.

The most important component of the objective
function is the differential annual cash flow ACF; within
the operational phase, which results from comparison of
cash flows after and before the cogeneration project. It
takes into account the incomes resulting from the support
mechanisms, thus in Polish conditions it is:

ACFi—qy = fTTOa[Eel,exppel,exp (o) + Eel,selfscel(‘[) +

Eel,gen Zsup fsup (r)—mysc, — A‘rhcscc] dr —
Amenv,tscenv,t - ATt (10)

where: E,; o, - electricity exported [KW]; perex(7) —
electricity price at time [PLN/kWh]; Eel,self — self
consumption of electricity [kW]; sce(7) — specific cost of
electricity at time 7 [PLN/kWHh]; Eel,gen — generator
power output [KW]; ¥.sp foup (T) — total income from
support instruments [PLN/kWh]; m,, — biomass flow
[ka/s], sc» — specific cost of biomass [PLN/kg]; Am, —
reduction of coal consumption [kg/s]; sc. — specific cost
of coal [PLN/kg]; Am,,, . — environmental impact in
year t [Kg]; scen,: — Specific costs due to use of
environment [PLN/kg]; AT; — change of tax in year t
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Amenv,tscenv = A"lf,izenv,j,iscenv,j +
Amg i$co2Ppua(T) + Amgsc, (11)

Where: Amg; — change of i-th fuel consumption [kg],
{enwv,j,i — Specific emission index of pollutant j from fuel i
[ka/kg]; scen; — specific cost for pollutant ; [PLN/kg];
{coz — emission index for CO; [kg/kg], pguya(t) —
specific prices of EUA at time 7[PLN/kg].

Equation (10) takes into account only key income
and cost components. Changes of other financial items
after the project, such cost of materials, cost of labour
etc. have been assumed to be negligible.

The main equality constraint G; is the overall heat
balance of the district heating plant:

Xk Qd,k * QTES = QDHS + Qplant (12)

Where: erk — heat flux delivered by device k [kW],
Qrgs — heat flux to/from storage [kW]; Qpys — heat
delivered to the district heating grid, [KW]; Qplant — heat
consumed at the plant [KW]

It has been assumed that in order to minimize heat
losses from TES the initial and final states of charge are
the same. This assumption gives the following
constraint:

AQreslgt = Zt(QTES - Ql,TES)t =0 (13)

The state of charge has been calculated assuming no
heat storage in connecting pipes and no losses:

@ = iQTEs (14)

Sales of electricity on balancing market result from
momentary balance of electric power:

Eel,exp = Eel,gen(l —a) - Zcp Eel,cp (15)

Where Eel,cp — self consumption of electricity in other
consumption points that the plant itself.

Fuel consumption is calculated using efficiency
characteristics:

- Eel,plant

. _  Quom
Me = NHOBLHV, (16)
mb — QORC (17)

(oneinTonBB)LHV b
Nominal energy efficiency of coal boilers has been
determined at nyop nom = 0.835. Nominal efficiency of
biomass boiler has been assessed as 1gp nom = 0.854.
As the annual financial effect of system operation
depends on part load characteristics of equipment
relevant curves have been developed. Part load energy
efficiency curve of coal boilers have been adopted from
design documentation of the WR type boilers. It takes
the form:
nHoB(D) _ a('QHOB(T) )2 Iy ( QHOB(T) ) (18)
NHOBnom QHOBnom QHOBnom
Where a=-1.1056 and b=2.1056. Part load energy
efficiency characteristics of biomass boiler has been
developed using long term historical measurement data

of the Krosno system in real operational conditions,
which are available within the archive of the plant’s
SCADA. It has been applied in the normalised form:

nEE(M _ ( QORC(T) )2 +b ( .QORC(T) ) +c (19
NBBnom QORCnom QORCnom

Where a=-0.1142, b=0.1315 and ¢=0.9828. Performance
characteristics of the ORC unit have been also developed
and presented in [13]. These parameters have been
normalised and applied in dimensionless form. In the
first step, for an assumed nominal heating output of the
ORC unit Qorcnom: Momentary heating load Qo (7)
and water outlet temperature #,, the equivalent heating
output of the T14 ORC unit is calculated:

Qeqv = (M) ’ QTH,nom (20)

QORCnom

Then the ORC’s generator momentary power output is
calculated using formula:

el(T) — elnom [ +b (toil("-')) + CQeqv +

T14 nom tw2(T)
0il(7) 0il(7)
d (S80) 4 ¢ (2L g, + £ (Gugs)] (21)

Where: a=-183.3; b=87.49; ¢=0.3291; d=14.21; e=-
0.03988; f=4.998e-06. Electrical efficiency of the ORC
unit is:

r’el( ) _ MNelnom_

NT14n0m
toil(7) toi1(7) 2 ’
[a +b (th<r)) T (th(r)) + dQe‘“’] (22)

Where: a=0.02492; b=0.0839; c=0.3291; d=2.88e-06
[13]. Therminol 66 heat transfer oil temperature at the
ORC evaporator inlet is:

toil(T) =a+ bth,i + CQeqv + dth (T)Qeqv

+eQeqv (23)

where: a=155.7; b=0.8288; ¢=0.023; d=-0.81e-05;
e=1.95e-07 (Kalina, Swierzewski, 2019).

Inequality constraints result from allowable load
range of each heating device «:

Qk,min < Qk < Qk,max (24)

According to measurements, minimum load of the
CHP unit has been assumed 0.3Qorcnom Whereas
minimum load of coal boilers is 0.2Qy0p nom and the
maximum is 1.2Qx05 nom-

The inequality constraint of TES charging and
discharging processes is the charging/discharging rate,
which results from the water flow rate in connecting
pipelines:

QTES,min < QTES < QTES,max (25)

Whnin =w< Winax (26)



E3S Web of Conferences 137, 01042 (2019)
RDPE 2019

https://doi.org/10.1051/e3sconf/201913701042

In addition the state of charge should not be higher
than the maximum one, which results from the given
volume of the storage tank:

Qres < QTES,max = Vmaxcp,w 'ATW " Pw (27)

The annual time of CHP operation results from its
availability. Basing on experiences of the Krosno
system, the maximum availability has been assumed at
95%, what gives 8322 hours per year of the ORC unit
operation. There have been distinguished two modes of
operation: summer and winter [13]. In the case with
TES, the winter mode is realised in periods when daily
average DHS heating load is in the range:

Qpus = Qorcmax Y @pus < Qorc,min (28)

In this mode the TES loading and unloading is
controlled to minimize coal consumption:

mcLHV, = [ (Q'Hﬂ) dt - min (29)

=0 \nyoB

The summer mode is realised in periods when daily
average DHS heating output is in the range:

Qpus < Qorcmax N @pus = Qorc,min (30)

Then the local objective function is income from the sale
of electricity on balancing market:
=24 .

f-:=0 Eel,exppel,exp (T)dT — max (31)
The task can be classified as a Mixed Integer Non Linear
Programming (MINLP) problem, in which the constrains
vary with time and the set of decision variables may be
discontinuous. There can also occur local extremes,

which have been identified by searching the area of trial
solutions.

4 Results and discussion

In order to examine the influence of design
assumptions on financial performance of projects the
optimisation task has been solved for Krosno DHS by
searching the area of acceptable solutions. For a given
trial size of the ORC system the simulation of annual
operation was performed. Then the results of annual
mass and energy balance have been used for financial
calculation within 15 years of project economic lifetime.
Prices have been valid for Polish conditions at the
beginning of the year 2019. Coal price is 14.50 PLN/GJ,
biomass price is 18.22 PLN/GJ, EUA price is 103.20
PLN/Mg, price of certificate of electricity origin from
RES is 130.0 PLN/MWh, electricity price for own
consumption is 370 PLN/MWh, discounting cash flow
rate is r = 0.05, possible subsidies for investment project
are at the level of 0.3CAPEX.

Figures 5 and 6 depict operation of ORC units of
different size and HOBs within the DHS in the case there
is no TES. The annual operating time of larger ORC
systems is shorter due to the fact that their minimum
permissible heating load is higher than the load of the
grid.
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NPV and IRR of the project under different assumptions
on financing have been depicted in Fig. 7 to 10 for the
system without and with TES respectively. Adding TES
to the system moves optimum size of the ORC unit
towards larger values. However, under current economic
conditions the TES only slightly changes values of
objective functions NPV and IRR.
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Results revealed that although the ORC technology
has been intensively developed for last two decades
biomass-fired cogeneration projects are still heavily
dependent on financial support. Without support
profitability of the project can’t be reached. Figure 11
depicts structure of income of the best case without TES.
It can be noted at current prices the support mechanism,
which mostly influences the profitability is emission
trading system. As this mechanism is marked based and
connected with significant uncertainty and risk it does
not encourage investment projects to be undertaken.

Electricty cost
savings;
263808,7047; 3%

EUA trading;
2293872,698; 21%

Coal cost savings;
3395112,241; 31%

Sale of electricity
certificates;
1853790,898; 17%

Sale of electricity;
3056764,143; 28%

Fig. 11. Income structure for the best system of 2400 kW
power output with 500 m3 TES

After taking into consideration current conditions of
electricity and EUA prices there had been assumed
within the next simulation price variability paths. For
CO; several forecasts have been taken into account and
average value has been estimated. In the case of
electricity the price path has been developed on the basis
of the report provided by the Jagiellonian Institute [16].
Both paths are depicted in Fig. 12.
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Fig. 12. Adopted price paths for electricity and CO2 (year 1 is
2019)

Figures 13 and 14 depict NPV and IRR for different
ORC generator rated power output of the system without
heat storage. It can be concluded that qualitative results
are the same for both studies. However, in the case of
variable prices the NPV curve gets flattened. This is
because losses due to shorter annual time of operation in
the case of larger generators are compensated by higher
incomes. Quantitatively the increase of electricity and
EUA  prices significantly  improves financial
performance of the project. Discounted payback period
(DBP) for the optimal system in the case of variable
electricity prices shortens from 12 to around 8.5 years.
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Results for ORC cogeneration system with 500 m?3
TES are depicted in Fig. 15 and 16. In the case of NPV
the shape of curve has changed significantly strongly
indicating the location of the optimal generator rated
power, which is the same as in the case of constant
prices. In the case of IRR the optimal value has slightly
move towards higher values.
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5 Conclusions

The problem of optimal sizing and selection of
technological  structure of  biomass-fired ORC
cogeneration system for backfitting of fossil fuel-fired
district heating plant has been presented in the paper. In
Polish conditions, there are many DHS where such
projects could be potentially executed. Results of this
study revealed that feasible projects are possible if the
ORC system is optimally sized for given site conditions.
On the other hand profitability of investment is still
relatively low and dependent on unstable market
conditions and financial support. Discounted payback
period for a feasible project can be expected within the
range of 12 years. This value doesn’t suggest significant
investments will be triggered in the near future in the
field of biomass fired cogeneration based on the ORC
technology. Adding thermal energy storage and selling
electricity on balancing market have improved financial
performance only to a small extent.

An important conclusion is that economic optima are
relatively flat and the range of system sizes, for which
the value of objective function is close to the optimum is
quite wide. Recommended solutions are the ones with
relatively long annual time of operation. The analysis
proved that sizing of ORC cogeneration unit should aim
at covering base heating load of the district heating
network. In case of the Krosno project the size of the
implemented ORC system appeared to be close to the
optimum.

This work was carried out in the project IntBioCHP titled:
System integration of biomass fired cogeneration plants. The
project is financed by German Federal Ministry of Education
and Research and Polish Ministry of Science and Higher
Education within the framework of the Polish - German
Sustainability Research Programme STAIR.
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