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PROFITABILITY ASSESSMENT OF LOW-POWER COMBINED HEAT AND POWER
SYSTEMS IN AGRICULTURE

Summary

The article assesses the profitability of investnierow-power CHP systems in an agricultural holgi This assessment
pertains to three CHP units, it is units poweredab$tirling engine, equipped with a microturbinedgpowered by a piston
internal combustion engine. The assessment is basede assumption that all electric power and hgaterated will be
used by the agricultural holding for its own purpesFor comparison, the results of calculationgjuding the deprecia-
tion of investment in the CHP system, were compuaiiéid the costs of purchasing electric power andthifeom external
providers
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OCENA OPLACALNO SCI ZASTOSOWANIA UKEADOW KOGENERACYJNYCH
MALYCH MOCY W ROLNICTWIE

Streszczenie

W artykule przedstawiono ogepptacalnaci inwestycji w uktady CHP matych mocy w gospodeiestolnym. Ocenie tej
poddano trzy agregaty kogeneracyjne, tj. agregagyirakiem Stirlinga, z mikroturbinoraz z ttokowym silnikiem spalino-
wym. Do oceny przatio zalaenie,ze cala wytwarzana energia elektryczna i ciepto wgkstywane @dg na potrzeby wia-
she gospodarstwa. Dla poréwnania wyniki obligas tym czas amortyzacji inwestycji w uktad kogaogny, zestawiono z

kosztami zakupu energii elektrycznej i ciepta znzaw.

Stowa kluczoweagregat kogeneracyjny, ocena ekonomiczna, mikratarktokowy silnik spalinowy, silnik Stirlinga

1. Introduction

The objective of the study was to assess thetplulity
of investment in low-capacity CHP systems in a dtad

The generation of heat and electric power in highagricultural holding.

performance combined heat and power systems isobne

the ways that enable adapting to the increasingiggent
laws and regulations concerning the emission olupmits

into the atmosphere, which determine the developroén

2. Research methodology

To assess the profitability of investment in loowgr

renewable energy sources and force the reductiotheof CHP systems in an agricultural holding, there wene-

consumption of fossil fuels, and thus save primamgrgy
[5, 20].

ployed three CHP units, it is units powered by &liSg
SD4-E engine, equipped with a Capstone C30 midootaer

The low-power CHP systems enable constructing heand powered by a Tedom Micro T30 piston internah€o

and power plants that are very precisely tailoredithe
needs of even the smallest customers, as the hdatlac-
tric power produced by them are primarily suppliedocal
consumers, covering energy requirements of thditfasi
where such systems are installed. Excess of hehelae-
tric power can be stored in specially selectedebat or,
particularly in case of electric power, sold to tiped or
other local consumers [2, 5]. Under such operatiogdi-
tions, the ratio of electric power and useful hgatduced
and used on site to the amount of energy supptigdther
with fuel equals to 75-85%. It is also essentiatthuch
systems can be powered by liquid and gaseous lbafl-
els, hence the combination of low-power CHP systetitts
local biogas plants may significantly reduce thession of
pollutants into the atmosphere and reduce the copton
of primary fuels [5, 6].
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bustion engine. The selection was based on cuyrendil-
able technologies applied in low-power CHP systeims,
which various types of thermal engines are usea smurce
of power. It was also essential to introduce intiveatech-
nologies such as microturbines [5, 7, 13] and iSgren-
gines [12].

A significant parameter was the power generatethby
CHP systems adopted for assessment. As for pistemal
combustion engines, there is no problem with posedec-
tion as - due to the popularity of their constrastiechnol-
ogy - it is easily possible to select units withaygo capaci-
ties ranging from a few to several hundred kW. as ds
microturbines are concerned, only models with a groef
15 kW, 30 kW, 65 kW, 100 kW and 200/250 kW are kvai
able in the market [13]. A significant problem Fetselec-
tion of Stirling engines, as currently the largesmmer-
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cially available Stirling engine reaches the poaeb5 kW,
and most of the offered CHP units with these ergieach
the power of 1-10 kW [12]. As a result of the asayof
CHP systems available in the market, 30 kW power sy
tems were evaluated.

The assessment was based on the assumption ¢hat
selected CHP systems would operate in agricultiiodd-
ings with greenhouses or other types of facilitieguiring
large amounts of heat, with an average annual redect
power consumption of 245,000 kWhnd an average heat
consumption of 525,000 kwh It was also presumed that
all electric power and heat generated would be bsethe
agricultural holding for its own purposes. As faryasur-
pluses of electric power and heat, consideratiamdche
given, for example, to their storage or supply éighbour-
ing agricultural holdings. At this stage, howeie resale
of electric power to the grid was not taken intcamt, as
the CHP unit was assumed to operate in the islandem
[4].

For calculations, it was estimated that the uwitaild
be powered by high-methane natural gas, type EJ®Z-
with a calorific value of W= 31 MJ-rit = 39,744 kJ-kg
(assumed gas densipy= 0.78 kg-ri?). The operating time
of the units was considered to be equal to 7,500shper
annum. In calculations the price for natural gasheut
fixed costs amounted to PLN 1.35 pef and the purchase
price of electric power amounted to PLN 0.50 petkW

Given that CHP units generate electric power asaful
heat, the cost of producing 1 kWh of useful heas we
duced by the value of electric power produced atshime
time. Therefore, the economic value of 1 kWh ofctrle
power generated by CHP units was assumed to be &gua
the price for electric power purchased from the.gri
The cost of generating 1 kWh of useful hegtwas calcu-
lated from the following equation (1):

[PLN-kWh, 1 (1)

where:

Vg - gas consumption [,

PTIC€g . price of natural gas, [PLN:Th

Nex - thermal power, [KVy].

However, the cost of generating 1 kWh of usefult hess

the value of simultaneously generated electric poMyg
was calculated from the following equation (2):

Table 1. Technical data of the analysed CHP uh#s 17, 18]

K-IE = kfi —priﬂ'ee R

Nea [PLN-KWhyY] 2)

where:

K tn - cost of generating 1 kWh of useful heat,
[RLN-kWh ],

price,

[PLN-kWh1],

N2 - electric power, [kW,

N - thermal power, [KW].

On the other hand, the annual profit on electrizvgrogen-
erationZ,, was calculated from the following equation (3):

of electric

price purchasing power,

Zywe = Nyye - price, [PLN]
where:

(3)

e - quantity of generated electric power, [kWh
price. - price of purchasing electric power, [PLN-kWh

The Stirling engine, due to its specific operataamdi-
tions (e.g. exhaust fumes leave the combustion bkaat a
temperature of about 1200°C), generates much neefilu
heat that can be used to heat additional greenbausto
dry more crops or can be transferred to neighbguaigri-
cultural holdings. The additional quantity of udeffieat is
about 75 kW, The profit from generating this additional
heat can be estimated, considering that gas atetsewill
be employed to heat additional greenhouses orytondire
crops, hence the analysis requires the use of tddianal
stationary air heaters with fume exhaust and abgmeer
WD 30 [16] with a nominal power of 38.5 kW each and
powered by propane-butane gas. In the calculatibesan-
nual operating time of the heaters was 7,500 halbesfuel
consumption of one heater equalled to 3.3-And the
price of propane-butane gas amounted to 2.21 PLN:|

The additional annual profit on useful hegt @as cal-
culated from the following equation (4):

Zac=2-(ZBy - pricey) jp | @)
where:

ZFy - annual fuel consumption of one heater, [I-ygar
PTiC€p  _price of propane-butane gas, [PLN.I

3. Assessment results

The technical data used in the analysis of CHEsware
shown in Table 1, whereas the results of the caliculs are
shown in Table 2.

Tab. 1. Dane techniczne agregatow kogeneracyjngddanych analizie [14, 17, 18]

Item Stirling SD4-E| Capstone C30 Tedc;_rgoMlcro
1 Electric power I\ [kW{] 35 30 30
2 Thermal power N [kW4] 140 65 61.6
3 Coefficient of association Ny, [ 0.25 0.462 0.487
4 Electrical efficiencye [%0] 18 26 31.2
5 General performanag [%0] 89.2 80 95.3
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Source: own studyZrodio: opracowanie wiasne
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Table 2. Results of the calculation of annual praxfi generation of electric power in the CHP sysié#n 17, 18]
Tab. 2. Wyniki obliczerocznego zysku z wytwarzania energii elektrycanepgeneracji [14, 17, 18]

Item Stirling SD4-E| Capstone C30 TedqrrgoMlcro
1 Gas consumption G [kg-h] 17.61 10.45 8.72
2 Gas consumptiony/ [m*-h?Y 22.58 13.40 11.18
3 Unit gas consumption.g [kg-kWhY] 0.503 0.348 0.291
4 Quantity of g(la\lnerated useful heat [kWh] 1,050,000 487,500 487,500
wth
5 Cost of generating 1 kWh of useful [PLN-kWh, ] 0.218 0.278 0.245
heat I,
Cost of generating 1 kWh of useful
6 heat K less the value of simultand- [PLN-kWhy}] 0.093 0.048 0.002
ously generated electric power
7 Quantity of generated electric [kWh{] 262,500 225,000 225,000
power Nye
8 Annual profit on electric power [PLN] 131,250 112,500 112,500
generatiory,,e
9 Additional profit on useful heatyZ [PLN] 109,395 - -
10 Total annual profit [PLN] 240,645 112,500 11350

Table 3. Approximate costs of purchasing and opeg&@HP units
Tab. 3. Orientacyjne koszty zakupu i eksploatddadow kogeneracyjnych

Source: own studyZrodio: opracowanie wiasne

Item Stirling SD4-E | Capstone C3( TedqrrgoMlcro
1 Costs of purchasing CHP units [PLN] 840,000 290,000 215,000
5 Costs of purchasing the exhaust fume- [PLN] i 85,000 i
water heat exchanger
3 Period of operation [PLNyedr 30,000 30,000 35,000
4 Costs of purchasing and constructin [PLN] 100,000 100,000 100,000
the system
5 Total costs [PLN] 970,000 505,000 350,000

Source: own studyZrédio: opracowanie wtasne

Table 4. Estimated depreciation time of investniethe CHP system
Tab. 4. Szacunkowy czas amortyzacji inwestycjitadukogeneracyjny

Item Stirling SD4-E Capstone C3( TedqrrgoMlcro
1 Investment costs [PLN] 970,000 505,000 350,000
2 Annual profit on electric power generation [PLN] 131,250 112,500 112,500

Annual profit on electric power generation
3 with additional profit on usable heat [PLN] 240,645 ) )
4 Estimated glepremat!on time without addi- [years] 739 4.49 311
tional profit on heat
5 Estimated deprec!atlon time with additional [years] 403 i i
profit on heat

Source: own studyZrédio: opracowanie wtasne

The purchase costs of the CHP unit powered byira St gine were calculated on the basis of availablereefse
ling SD4-E engine were assumed on the basis obfflee  books [18].
presented by the company Stirling DK, the purchasss The microturbine requires an additional purchasam
of the CHP unit equipped with a Capstone C30 migrot exhaust fume-water recovery heat exchanger which wa
bine based on information obtained from the Trayrémd included in the purchase costs [6].
Research Centre for Renewable Energy in Ostoja ithat The annual operating costs that include, amongrsth
part of the West Pomeranian University of Techngloy the costs of materials, spare parts and maintenanck,
Szczecin [6], whereas the purchase costs of CHPpom- may vary in various years of operating the CHP suaitd
ered by a Tedom Micro T30 piston internal combusgo- they depend on the number of operating hours. @erisig
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the annual operating time of 7,500 hours, a fudpction
will be carried out each year [6], so the annuatrapng
costs may amount to PLN 30,000. In the analysisratpg
costs will be the same for all three CHP units, ihuiality
they may differ as e.g. in case of the piston maeicom-
bustion engine, these costs may be greater dusetoded
to replace oil and filters.

The costs of purchasing and constructing the systat

ling engine. The calculation results are shown abl& 5,
while Table 6 presents the annual profit from pagihg
gaseous fuel for CHP units in comparison with tbstg of
purchasing electric power and heat from externaligers.

4. Discussion on results

The analysis of the results obtained from the wat&n

include, inter alia, hot water storage tanks, set of electricof the profitability of the investment in low-powe&HP

power batteries, circulation pumps, hot water punpse-
lines, fittings, measuring sensors and the operaitd ad-
justment system, were calculated on the basis fofrira-
tion obtained at the Training and Research CemtreRe-
newable Energy in Ostoja that is part of the Wesnhéra-
nian University of Technology in Szczecin, where ®HP

system with the Capstone C30 microturbine is opelrat

and these costs amount to PLN 100,000.

The total costs including the costs of purchadimg
CHP units, operating costs and costs of constryctire
system are shown in Table 3.

The estimated depreciation time, excluding costs/s-

systems in the agricultural holding proved that épglica-
tion of those systems to generate heat and eleutncer
results in substantial savings, and the investroesits may
be returned as early as the first years of theatijoer of this
type of systems.

The development of innovative energy conversiost sy
tems, including CHP systems, will be all the marteinse
as methods for estimating energy and economic teesil
the stage of planning such an investment are nfteetiere.
With the accurate data on expected fuel consumptlon
expected amount of generated electric power antl hsa
well as costs and operating revenues, it is passibevalu-

tem purchase costs, summarised in Table 4 can tee- de ate their profitability and reduce their investmeisk [6].

mined by taking into account the purchase coshefentire
system and the calculated annual profit on elegtawer
generation.

For comparison, the costs of purchasing electiwep
and heat from external providers were calculatdw. Tseful
heat was assumed to be generated by a two-spegensimg
boiler with a capacity of 30 kW that consumes 32hihof
natural gas [19], while the remaining heat requiteceat
greenhouses or dry crops would be generated bfirgdsair
heaters with a nominal capacity of 38.5 kW eachsuming
3.3 I-h* of propane-butane gas each [16]. In the firstaruri
one heater is employed, while in the second oneetlair
heaters are used due to additional heat generatiba iStir-

Therefore, investments in CHP systems should beecpied
by an analysis of demand for electric power anduli$eat
of the facility being supplied. Not only are thdues of an-
nual energy demand important, but also analysefaity,
weekly or monthly electric power and thermal poyweo-
files and forecasts of future demand for these foafhen-
ergy should be performed [6, 15]. The analyses lmay
based on other methods, e.g. the net present diaoeunt
rate method, similarly to the publication [10] whethis
method was employed to determine indicators of econ
assessment of road lighting in a rural communé¢hempub-
lication [9] that employed this method to carry @utom-
parative analysis of various hot water preparasigstems,

Table 5. Costs of purchasing electric power and fiemn external providers

Tab. 5. Koszty zakupu energii elektrycznej i cigptawntrz

Item Variant 1: Variant 2:
1 Cost of generating L_Jsable_ heat (two-speed can- [PLN] 32.400.00 32.400.00
densing boiler)
2 Cost of generating heat to heat greenhouses (air [PLN] 54.697.50 164,092.50
heaters)
3 Cost of purchasing electric power [PLN] 122,500.00 122,500.00
4 Total costs [PLN-yed} 209,597.50 318,992.50

Source: own studyZrédio: opracowanie wtasne

Table 6. Annual profit from purchasing gaseous fioel CHP units in comparison with the costs of faging electric

power and heat from external providers

Tab. 6. Roczny zysk przy zakupie paliwa gazowegagiegatow kogeneracyjnych w poréwnaniu z kosztaipu ener-

gii elektrycznej i ciepta z zewtnz

Item Stirling SD4-E| Capstone C30 TedqrrgoMlcro
1 Costs of purchasing gaseous fuel [PLN 228,591.35 135,649.04 113,192.31
2 Cost of purchasing elt_ectnc power and heat [PLN] i 209,597.50 209,597.50
from external providers - Variant 1

3 Cost of purchasing elt_ectnc power and heat [PLN] 318,992.50 i i
from external providers - Variant 2

5 Annual profit (saving) [PLN] 90,401.15 73,948.46 96,405.19

Source: own studyZrédio: opracowanie wtasne
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or the publication [6] where this method was addpte
evaluate the cost-effectiveness of specific stiagegf the
operation of the CHP system equipped with a michiie.
Furthermore, it should be taken into account thatpower

CHP systems may be powered by almost any fuel Haut t

most optimal is to use natural gas or biofuels.réfuge, it
is important to cooperate with local biogas pldhts3] that
can produce biogas for such CHP systems. It shedattibe
considered that there are other renewable energsces
such as wind turbines, photovoltaic panels [11]odrer
more complex systems [8] that can cooperate wighGQhIP
system applied in the agricultural holding.

5. Summary

The results of evaluating the profitability of estment

in low-power CHP systems in the agricultural hotdin

prove that it is worth investing in this type okstyms.

1. The application of CHP systems significantly reduce [6]

the costs of generating 1 kWh of useful heat, astduhe
simultaneous generation of heat and electric paese

costs are reduced by the value of the generateriele

power (Table 2).

2. The cost of the system with the CHP unit powered b

the Stirling engine is about twice that of the ewst
equipped with the microturbine, and about threeesirthat
of the system powered by the piston internal corits
engine (Table 3). However, the additional heat geed by
the CHP unit powered by the Stirling engine carctesid-
ered its advantage as, taking into account the arprofit

from generating electric power with additional piradn

useful heat, the investment in the CHP unit powdrngthe

Stirling engine will pay for itself at the same &ras the in-
vestment in the CHP unit equipped with the microitue

(Table 4). Obviously, due to the lowest costs, ithesst-

ment in the CHP unit powered by the piston integ@h-

bustion engine will pay for itself as quickly asspible.

3. Considering the costs of purchasing electric posawat
heat from external sources (Table 5), it can bedhahat
the investment in the CHP systems for the generatio
heat and electric power for agricultural holdingscost ef-
fective in comparison with the purchase of elecpiaver
from external sources and the generation of usedalt,
separately (Table 6). The highest annual profgjeserated
by the CHP unit powered by the piston internal costion

engine, but for the remaining systems this prafislightly
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