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Abstract. Aspects of using the small-scale combined heat and power modules in buildings is presented in this paper. At
first the problems of energy demand analysis, which is the key point of a co-generation plant sizing procedure, are
discused. Then the demonstration project of a small-scale co-generation plant is presented. The plant is fuelled with
natural gas, and it supplies energy to a group of three different buildings. Basing on this case, the problems of optimal
sizing of a small-scale CHP plant for a building energy supply system are presented and discussed. Calculation proce-
dures are shown together with the results of sample analysis. The factors influencing the final configuration of the

system are indicated.

Keywords: co-generation, buildings, energy demand, electricity and heat load variations, optimization, gas engines, gas

boilers, gas turbines.

1. Introduction

Combined production of heat and power (CHP) at
small-scale plants, that is based on either gas engines or
gas turbines, is one of the most effective energy conver-
sion technology to cover simultaneous and suitable de-
mand for heat (cold) and electricity.

In Western countries a lot of projects have been
realised in buildings. This is the sector where the simul-
taneous demand occurs for heat, electricity and some-
times cold. In many cases either co-generation or
trigeneration plant can be set up as a main source of
energy for building. Current experience in this field has
proved that the best locations for co-generation technol-
ogy are hospitals, schools and universities, commercial
buildings, sport centres, hotels and other public and resi-
dential buildings.

In Poland at the end of 2003 there were more than
90 CHP plants in operation. Several projects are at the
development stage.

Co-generation usually makes a technically possible
solution for energy supply in the sector of building. Al-
though the technology itself brings many technical and
ecological advantages, the number of installation in some
countries is not significant enough (in comparison to an
existing potential). There are still barriers on the market
that prevent co-generation from rapid development as
well as problems related to the realisation of the projects.

During many discussions it has been found that it is
highly recommended to work out a number of demon-
stration projects that would lead to the know-how in the
field of small-scale co-generation technology. It is defi-
nitely necessary to develop guidelines, standard proce-
dures information database that will help designers, en-
gineers and investors to build up and operate the CHP
plants.

It is a complex and not easy task to realise a good
and successful project. The experience shows that prob-
lems begin at the stage of the energy demand analysis.
There are usually also difficulties with selection of the
optimal type and size of the machinery and optimal con-
figuration of the system. On the other hand, the best re-
sults can be obtained only if the system is optimised un-
der certain technical and economic circumstances [1]. The
objective function for optimisation is typically the eco-
nomic one (eg the maximum value of the NPV index).

In this paper the problem of optimal sizing of a
small-scale CHP plant for building energy supply sys-
tem is being discussed by the example of demonstration
project. The project consists in design and installation
of CHP plant that would meet the heat and electricity
demands of the group of three different buildings. In the
first part of the paper the energy demand analysis is pre-
sented. In the second part the sizing procedure of the
plant is based on the daily heat and electricity load pro-
files. Finally, the example of calculation results is given.
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2. Demonstration project

The demonstration project consists in optimal de-
sign and installation of the small-scale co-generation plant
fuelled with natural gas. The site is located in South
Poland. The plant will supply heat and electricity to the
complex of three buildings:

— sport centre with a swimming pool (about

28 000 m?),

— building of a new modern school (21 242 m?),
— building of the old school (3400 m?).

At the moment the existing buildings are being fed
with electricity from the utility grid, whereas heat is pro-
duced at the local coal-fired boiler plant.

The energy system is being planned to work either
parallel to the grid or in an island mode. Fig 1 shows
the existing buildings and the drawing of a sport centre
being designed.

Fig 1. The site

The research and demonstration project includes
several tasks:

— elaboration of the methodology of load variation
analysis under specific location characteristics in the
situation that no monitoring system exists in the
group of buildings,

— analysis of energy and regulation characteristics of
machinery and devices,

— integration of the co-generation plant to the heat and
electricity users,

— elaboration of the methodology of optimal opera-
tion of the plant and load sharing procedures,

— optimisation of the energy plant,

— analysis of the local and global technical and eco-
logical effects of the project,

— long-term monitoring of the co-generation plant as
well as the total system.
The realisation of the project has been started and

it is planned to demonstrate all stages of it.

3. Energy demand analysis

There are several energy users at the site of analysed
CHP plant:

— school facilities — two buildings (demand for elec-
tricity, heating and hot water),

— kitchen and canteen (demand for electricity, heating
and hot water),

— swimming pool (demand for electricity and heat for
technology),

— sport centre (demand for electricity, heating, hot
water, ventilation and air conditioning),

— energy plant (own consumption of energy).

Each of the presented consumers has its own char-
acteristics of daily and seasonal load variations. Maxi-
mal, minimal and average energy demand it is not a
simple sum of demands that occur at particular objects
(users). The peak demands at particular objects typically
occur at different day time as the type of activities and
time schedule of each object is different. Therefore, in
this case the CHP plant sizing procedure must be based
on daily load profiles of heat and electricity.The total
load must be a sum of individual loads at a particular
time. Basing on daily load profiles, the annual heat and
electricity load duration curves can be worked out for
the planned CHP plant. Using these curves it is possible
to identify the expected maximum and minimum demands
as well as the total annual consumption of energy.

The main problems with the estimation of daily load
profiles result from the facts that the sport centre does
not exist yet, there is no monitoring of energy consump-
tion at the school buildings and it is not possible to
measure heat consumption at school buildings without
disassembly of the heating system. Therefore the follow-
ing procedure was applied for estimating the daily load
profiles of consumers:

— electricity meters at school buildings were read more
frequently with an assumed time step,

— maximum heat demand for school buildings was
calculated theoretically basing on building construc-
tion data,

— annual heat consumption at school buildings was
calculated using the ambient temperature variations
(monitored at the nearest municipal boiler plant),
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— in order to verify the estimated annual heat con-
sumption at the school buildings, the annual coal
consumption at school boiler plant was analysed
together with the typical characteristics of coal fired
grate-type boilers,

— daily heat load profiles of school buildings were
worked out by a typical model [2],

— measurements of heat and electricity consumption
were carried out at a similar sport centre (almost
twin-object from the same design office),

— registered data of daily heat and electricity consump-
tion at similar sport centre, for the whole year pe-
riod, were used (Fig 2),

— dimensionless models of load variations were
worked out for each consumer.
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Fig 2. Daily heat and electricity consumption at a similar
sport centre

The most important for CHP module sizing proce-
dure are daily load profiles of particular energy users.
The models were developed in a dimensionless form. It
was observed that during some periods of a year as well
as during selected typical days the dimensionless models
were similar. Examples of the dimensionless models are
shown in Figs 3 and 4.

The accuracy of the energy consumption and daily
load profiles is higher if more periods, that are either
typical or representative, are taken into account. Typi-
cally the models of daily profiles of energy consumption
should be elaborated for a different type of days (week-
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Fig 3. Daily electricity consumption models in the analysed
buildings: a) sport centre, b) schools, ¢) kitchen and can-
teen, d) boiler plant
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Fig 4. Daily heat consumption models in the analysed
buildings: a) sport centre — hot water, heating and ventila-
tion, b) sport centre — technology of swimming pool, c)
schools — total consumption
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Fig 5. Load duration curves for the analysed buildings
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days, weekends, holidays etc). Additionally, weekly and
monthly models of energy consumption were worked out.
Then the load duration curves for heat and electricity
were calculated (Fig 5). Parameters of the on-site-energy-
consumption characteristics are shown in Table 1.

Table 1. Characteristics of total energy consumption

Parameter Heat Electricity
Maximum demand 1217 kW 149 kW
Minimum demand 10,8 kW 7,2 kW
Average demand 232 kW 75 kW
Total consumption 7326 GJ 661 637 kWh

4. Optimization of the energy supply system

Schematic diagram of the heat and power plant is
shown in Fig 6. It has been assumed that the system is
based on the natural gas fired reciprocating engine. It
was found from the energy demand analysis that only
microturbines or fuel cells can be an alternative solution
in this case. However, both turbines and fuel cells are
much more expensive than engines, what makes the eco-
nomic effect of the project worse.

In order to meet heating demand of the consumers
the plant produces hot water that is subsequently fed into
the local heating network of 90/70 °C temperature char-
acteristics (at external temperature —20 °C). In case of
installation of the CHP module, the electricity is trans-
mitted via common bus to either the consumers or to the
external grid operated by the electricity company. In case
of electricity shortages, the bus can be also supplied with
power from the grid.

The objective function for the plant optimisation
procedure is the Net Present Value of the project for
specific time of economic life (typically N = 15 years)
[1, 3, 4]:

N CE
NPV = ¥ —L——J; — max. 1
t=1(l+r)t

The objective function is typically constrained by
technical parameters of the plant and the economic envi-
ronment. The main constraints usually are:

— the demand level for electricity, heat and cold,

— daily and seasonal variations of thermal and elec-
tric loads,

— variations of ambient conditions,

— fuel and energy prices,

— daily variations of prices (especially price of elec-
tricity),

— annual period of operation,

— mode of operation (priority heat, priority electric-
ity, economic etc),

— type of operation (island or parallel with the mains),

— possibility of sale of the surplus electricity,

— machinery characteristics,

— investment costs,

— operation and maintenance costs,

— environmental costs etc.
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Fig 6. Co-generation plant (CHP — co-generation module,
B — gas boiler; VC — ventilator cooler, HA — heat accu-
mulator, G — generator)

natural gas

The complete analysis consists of two integral parts:
technical analysis and economic analysis. Scheme of the
optimization algorithm is shown in Fig 7.
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Fig 7. Block diagram of plant sizing optimisation proce-
dure

Momentary energy balance for the entire CHP plant
can be written as:

PW;+8NG=Np—@=DNg+0p+0y,- (2
Then particular elements of the eq 2 can be decom-

posed as follows:

ncHp np
Np= Y NcupitONG+(@B-DNg— X Np;, (3)
k=1

i=1
nCHP . ng

Op=Y Ocypi+ X0k Oy +A0, 4)
i=1 j=l

. ncgp . ng .
PWy= 3 (PWg)cupi+ X (PWy)kj =
i=1 =
"GP Newpi "ZK Okj ©)

i=l NE_cHPi  j=IMEkj

Ratio of electricity and heat for CHP plant is ex-
pressed by the co-generation index o :

o; = Newri ©)
Ocupi

The minimum value of the co-generation index o
is limited by the maximal possible heat output of the
particular gas engine.

Particular parameters of the machinery characteris-
tics (n E_CHP’ o ) typically depend on the nominal elec-
tric power and momentary load.

In order to estimate heat output and fuel energy
consumption at partial loads, the following dimension-
less characteristics of the CHP module have been used:

_NECHP _ 0,0025(E,, ) —0,2431(E, ) +

(nE_CHP)nom (7)
0,587(&,;)+0,6537,

o

= 0»8147(&@1 )3 - 1’9848(E.sel )2 +

nom (8)
1,7756(£,; )+ 0,3968 ,

Nel

where &,; = — dimensionless load, &,;=0,2 — 1.

It was fOLfrllanthr?)m the heat load duration curve that
the maximum heat demand occurs only during a very
short period of time over the year. Therefore it is need-
less to size the heating system for maximum load as it
will mostly operate at partial load (with lower efficiency).
It is usually possible that the building designer allows
shortages of heat in some periods. These allowances must
be known at the stage of planning the heating system.

The temporary heat shortages AQ can be included in
energy balance of the plant:

AQ=0aQp- )

The o index must be controlled over all period of
the simulation of plant operation. If the value of the in-
dex or the time of its appearance exceed the set up lim-
its, the system must be configured again.

Each machine or device can operate only within the
defined range of allowable load. It means that the fol-
lowing inequality constraints have to be taken into ac-
count:

(Neupi )min < Newpi S Newpi)uom » (10)

(QK] )min = QKJ = (QKj )nom ’ (10
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If the local co-generation system has to meet simul-
taneous demands for heat and electricity, there can be
defined 9 cases of relations between the heat and elec-
tricity demands and the production capacities of the plant
[3]. It was found that the priority of the system opera-
tion strongly influences the final economic effect of the
project [3]. There are several possible modes of CHP
module operation. In this paper the following modes are
taken into account:

1) electricity tracking (ET) — in this mode the priority
is electricity production. The power of the co-gene-
ration module is following the demand of the con-
sumer. There is no transfer of surplus electricity to
the external utility grid. Heat demand is balanced
by the boiler or heat storage tank. If there is a sur-
plus heat, it is dissipated into the atmosphere;

2) heat tracking (HT) — in this mode the priority is
heat production. The heat output of the co-genera-
tion module is following the demand of the con-
sumer. CHP module usually operates in parallel with
boilers. Electricity demand is balanced by the grid;

3) full load operation (FL) — co-generation module is
run at full load, no matter what the demand of the
consumer is. The momentary energy balance of the
plant converges by the cooperation with grid, boil-
ers, storage tanks, ventilator coolers and other de-
vices.

Almost each co-generation module equipped with
standard automatic control system can run in the above
defined modes.

Optimization of the plant was done by searching for
the best solution within the predefined range of trial vari-
ants. Energy balance calculations were performed as an
“hour by hour” simulation of the plant operation [3, 5].
The analysis was carried out with using an Excel spread-
sheet and Visual Basic macros. Columns of the spread-
sheet (matrix) represented particular positions of equa-
tions (2)—(5), whereas the rows represented time.

Once the annual energy balance of the plant is done,
the economic analysis starts.

The economic analysis basis on the cash flow CF
calculation for the whole lifetime of the project:

N N
CF=Y.CF, = 3 Jo+S,~(Kp+ K,y +Sp)— Py + L),
t=0 t=0

12)
In order to estimate investment costs .J,, the typical
curves of unitary cost i/ were used:

a) for gas boilers (boiler purchase cost, zZt/kW)
i=250 0, 12, (13)

where Qnom denotes nominal heat output in kW. Heat
output range 50 kW to 10000 kW.

b) co-generation module with gas engine (together
with ventilator cooler) — unitary cost in US$/kW within
the electric power range 9 kW to 6000 kW:

i=2594.9(N 0.2857, (14)

nom )_

All additional costs were estimated either with us-
ing a typical cost breakdown or the offers from vendors.
It appeared that equipment purchase cost lays down typi-
cally in the range of 40 % to 60 % of the total invest-
ment cost J,,.

In our case real incomes appear only for HT or FL
modes of co-generation module operation. The income
results from the sale of the electricity surplus to the grid
and it is calculated as follows:

TR
S, = INSdT. (15)
0
Total exploitation cost can be expressed as follows:
KE=Ken+KO&M+Kp+KS'r' (16)

The most important is the cost of energy:

k fcup +

TR . TR( ncHP .
K= _[KendT= .[[ E i
0
a7

ol i=t LHVcupME_chpi

+NGk l(T) dr.
j=tlLHV Mgy x ¢

Operating and maintenance costs were calculated
with using the typical index of unitary costs for gas en-
gines k,,,, = 0,007 to 0,02 US$/kWh (at annual avail-
ability in the range of 92-97 %). Therefore the follow-
ing equation can be used:

TR ncyp

Kosm = Eakos =kosm | 2 Ncupidr. (18)
0 i=1

Environmental costs are given by equation

TR .
Kenv = J.Kenvd’17 =
0
n TR, . . TR X (19)
21 | [(GPi_CHP +Gpi i )kPi] dt+ [Gykydr.
i=10 0

Typically Gpi7CHP,G'P7 p are calculated with us-
ing emission indices for a particular machinery type.
Emission fees in Poland are regulated by the govern-
ment: SO, — 0,38 PLN/kg; CO, — 0,00020 PLN/kg; CH,
—0,00020 PLN/kg; NO, — 0,38 PLN/kg; CO — 0,10 PLN/
kg; NMHC - 0,10 PLN/kg; dust — 0,25 PLN/kg (Note:
4,2 zt = 1 EURO).

5. Case study

In the reference case of calculations it has been as-
sumed that no co-generation module will be installed on
site. The existing coal fired boiler plant will be replaced
with gas boiler plant, electricity will be purchased from
the utility grid separately for each building. Proposed
gas boiler plant would consist of three gas boiler of re-
spectively 350, 350 and 200 kW heat output. Fuel and
energy prices, that were used in the analysis, are as fol-
lows:
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* Natural gas price depends on an annual consump-
tion, average value is: 0,796 PLN/Nm>.
¢ Electricity price: — sport centre (tariff C21): 328,67
PLN/MWh; — school (tariff C11): 336,17 PLN/
MWh.
Technical and economic results of the project are
given in Table 2.

Table 2. Results of technical and economic analysis for base
case project

No Quantity Unit Value

1 | Amount of heat produced at boiler | GJ/a 7272
plant

2 | Heat shortage Gl/a 54

3 | Total amount of electricity from kWh/a | 661 637
utility grid

4 | Total amount of natural gas burned | Nm*/a | 230 871

5 | Average efficiency of the boiler % 90,7
plant

6 | Total cost of electricity PLN/a| 218600

7 | Total cost of natural gas PLN/a| 183750

8 | Investment cost PLN 466 540

9 | Net Present Value after 15 years PLN [-3463 600

Table 3 presents the configurations of the co-gene-
ration plant that were defined as trial solutions for opti-
mization procedure.

Table 3. Selected variants of the configuration of the plant

Nominal Number of variant

parameter | | 2 |3 [4]5 6 | 7 8 | 9 |10]11
Newe kW 20 | 30 | 40 [ 50 | 60 | 70 [ 80 | 90 | 100 | 110 | 120
Qcur KW | 44 | 62 | 79 | 96 | 112 | 128|143 | 158 | 173 | 188 | 203
QKI kW | 350 | 350 | 350 | 350 | 350 | 350 | 350 | 350 | 330 | 300 | 300
QKZ kW | 350 | 350 | 300 | 300 | 300 | 285 | 275 | 260 | 260 | 260 | 250
Q.,(3 kW | 160 | 140 | 170 | 155 | 140 | 140 | 140 | 140 | 140 | 150 | 150

It was assumed that there will be only one
co-generation module. The minimal allowable electric
load of the module was set in the value of 40 % of nomi-
nal power. Figs 8 and 9 show the results of technical
analysis. In the electricity tracking mode there is no sale
of the electricity surplus electricity to the grid, however,
if the installed electric power of the CHP module is
higher, the production is much lower than potentially
possible (compare to FL mode). On the other hand, in
the ET mode the loss of heat form CHP module is lower.

In the HT and FL modes of CHP module opera-
tion, the electricity can be sold to the mains. If so, the
selling price of surplus electricity will be 140 PLN/MWh.

Fig 10 shows the results of the economic analysis
in relation to the reference case. It was found that the
best mode of operation of the CHP module is electricity
tracking. It was also found that there is an optimal solu-
tion that consists in installation of CHP module in 80 —
90 kW electric power range and three gas boilers. The
difference in NPV comparing to base case analysis is at
the level of investment cost.
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Total efficiency of the CHP module

Net total efficiency of the plant
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Fig 8. On-site electricity production and heat loss in par-
ticular variants of the plant configuration
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Fig 9. Total efficiency (EUF) of the co-generation mod-
ule and the whole plant
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6. Conclusions

Co-generation is the simultaneous production of heat
and electricity in a single plant. Therefore, in order to
ensure technical and economic effectiveness of a project,
the simultaneous demand for both heat and electricity
must occur on the site of energy user.

The demand for heat and electricity at any object is
never constant. If a CHP plant is considered to be in-
stalled at a local energy system, it is necessary to work
out the daily heat and electricity load profiles of the
consumer. Only in this case it can be estimated if both
useful products of co-generation module can be fully
utilised, what is the remaining demand for electricity from
the utility grid and for heat from boilers, in what hours

Nomenclature
CF, cash flow in year ¢
[ mass flow of pollutant
(}'”. mass flow of water
Jo investment capital
Ky costs of exploitation
K cost of energy
Koy environmental cost
Kop operational costs
Kowrr operation and maintenance cost
K, labour cost
kppp, kg cost of fuels

cost of electricity, variable in time
according to tariffs

Ka(T)

Greek symbols

o index of allowable heat shortage ¢ < (0]
energy production efficiency

Ne binary variable

8 time

T annual time of the operation

TR
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the CHP module can be switched on and off, if there is
a need for heat storage tank and what the total cost of
energy supply will be.

In our demonstration project, the analysis of energy
was quite complicated and time consuming task. This is
mainly because no historical data of energy consump-
tion in buildings was available. On the other hand, this
is the typical situation if the new building is planned or
if the outdated energy system is going to be replaced
with modern small-scale co-generation plant. As it was
presented, the simplified procedure of estimation the
shape of daily load profiles can be applied in such case.

Considering the heat and electricity load profiles,
that we have obtained for the demonstration site, it ap-
peared that the two functional types of objects represent
two different characteristics of energy consumption. In
school buildings the peak demands occur rather in morn-
ing hours, whereas the sport centre requires more energy
in evenings. In both cases there were quite significant
differences between peak and off-peak demands.

A very interesting profile was obtained for heat
consumption for the swimming pool technology (Fig 5).
As the swimming pool itself is a large heat reservoir
with high inertia, the heating system runs periodically. It
suggests that the heat storage tank can be necessary in
order to ensure full utilisation of heat from co-genera-
tion module.

The example of the optimal sizing of a co-genera-
tion plant demonstrated that the optimal solution exists
and it can be initially identified by using a general model

kep; unitary emission fees

ky unitary cost of water

L salvage value

N electric power or lifetime of the project
Py income tax

rw, stream of chemical energy of fuel
0 heat flux

O, momentary heat shortage

r discounted cash flow rate

Sy incomes

Sk economic losses resulted from heat
Wy shortages

lower heating value of fuel (LHV)

Subscripts

CHP related to CHP module

D related to demand site

G related to utility grid

K related to boiler

P plant self use of electricty
S sale

str losses

min minimal

nom nominal

ik related to i-th, j-th, k-th module
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of the plant and statistical parameters of machinery char-
acteristics. The presented model is also suitable for se-
lecting the optimal mode of the co-generation module
operation.

Although the procedure is not a complicated one
and quite effective, it must be emphasised that it is only
the first step of the analysis. In the next stage technical
and economic data for specific engines and boilers have
to taken from vendors. General characteristics have to
be replaced by the real ones and the whole calculation
has to be done again. In some cases the technical and
economic real effects can be even more attractive than
that one obtained from pre-feasibility study.

For the analysed case the initial study has proved
that that the co-generation makes better solution than the
boiler plant only.
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NEDIDELIU MASTELIU KOGENERACIJOS PRITAIKYMAS PASTATUOSE — DEMONSTRACINE
ENERGIJOS POREIKIU ANALIZE IR OPTIMALUS KOGENERACINES JEGAINES DYDIS

J. Kalina, J. Skorek

Santrauka

Pateikiami nedideliy masteliy misrieji pastaty Silumos ir elektros moduliai. Visy pirma atlieckama energijos poreikiy
analize¢, kuri svarbi pasirenkant kogeneracinés jégainés dydj. Pateiktas nedideliy masteliy kogeneracinés jégainés
demonstracinis projektas. Jégain¢ uzpildyta gamtinémis dujomis ir tiekia energija trims skirtingoms pastaty grupéms.
Darbe aprasomos ir nagrinéjamos optimalios nedideliy masteliy kogeneracinés jégainés, apriipinancios pastatus energija,
dydzio parinkimo problemos. Skai¢iavimy procediiros pateikiamos kartu su bandymy analizés rezultatais. Apzvelgti
pagrindiniai veiksniai, darantys jtaka galutinei kogeneracinés sistemos konfigiiracijai.

Raktazodziai: kogeneracija, pastatai, energijos poreikiai, elektros ir Silumos galios pokyc¢iai, optimizacija, dujy varikliai,

garo katilai, dujy turbinos.
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