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ENERGY CROPS AS LOCAL ENERGY CARRIER

ROSLINY ENERGETYCZNE JAKO LOKALNY NO SNIK ENERGII

Abstract: The experimental investigation of energy cradsstanthus x giganteus, Sda hermaphrodita, Sartina
pectinata, Panicum virgatum) gasification was carried out. The influence ofess air ratioA) on lower heating
value (HV) was investigated. Downdraft fixed bed gasifieswaed. For all types of biomass, the highésy
value was achieved for = 0.18. Compositions of gases obtained duringetkgerimental study were used for
thermodynamic and economic analysis of CHP systétin gas piston engine. The system quality indiced a
input data for economic analysis were calculatedt.tRe economic analysis the net present valuehodetas
adopted. Given the assumptions, despite biomass thipNPV indice did not reach positive values. Break even
price of electricity and break even cost of fuelevealculated. The economic viability of such systés strongly
influenced by economic and legal environment. Tapep includes sensitivity analysis of change ofgblected
parameter such as annual availability of the syspaioe of fuel and price of green certificates.
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Introduction

Energy crops are in the area of interest becausmultiple ways of advantageous
utilization. They can be used for biofuels (soliquid and gaseous) and biocomponents
production. Examples of commonly used plants &kx L., Miscanthus x giganteus,
Spartina pectinata, Panicum virgatum, Sda hermaphrodita, Rosa multiflora [1].

In Poland, agro-biomass is not widely used, whichcdmes a reason for
underdeveloped cultivation techniques, lack of médthof preventing crop diseases and
other detrimental external factors. That has atgmepact on the volume of production and
the quality of fuel. Other factors that affect am@fuel production are soil fertility, quality
of agricultural treatment and field preparati@g tumber of weeds). However, the current
state of the Polish agro-energy sector gives nurmbepportunities for relatively easy and
quick progression.

Energy crops utilization can be useful in more tbae field. Phytoremediation is one
of the techniques used for remediation of contatathareas. Soil contamination can be
found close to landfills, heavy-metal/oil industeiyeas. There are energy crops which can
be grown on contaminated areas and have a potéatiatcumulate contaminants. The
reasonable method of contaminated biomass utibzasi gasification [2].

Gasification is a thermo-chemical conversion ofdsdtedstock into a gaseous fuel.
Because of the low amount of the oxidizer usedhéngrocess and the reducing atmosphere,
gasification prevents sulphur and nitrogen oxidegssion, also it is possible to accumulate
part of the contaminants in the solid residues.ifiéation is a way to utilize contaminated
biomass while useful syngas is produced. Syngasesastly low-calorific gases (depends
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on the feedstock and gasification agent) that canuged in power boilers, industrial
furnaces, gas turbines or piston engines [3]. Beswgasification gases, as a fuel that might
be received from local energy sources shows a gaantial as fuel for combined heat and
power (CHP) plants [4]. Combined heat and eledyrigieneration in distributed energy
systems with internal combustion piston enginesd®od option for local communities due
to a relatively low investment cost and the higiicefncy of electricity production. What is
more, the market of commercial solutions for lovsdéic value gasesey biogas, syngas)
is constantly growing [5].

In this study the experimental investigation ofrfdypes of energy crops gasification
was carried out. Compositions of gases obtainethgluhe experimental study were used
for thermodynamic and economic analysis of CHPesyswith gas piston engine.

Feedstock and apparatus

Four types of energy crops were gasifieMiscanthus x giganteus, Sda
hermaphrodita, Spartina pectinata andPanicum virgatum. Picture of the feedstock samples
is presented in Figure 1. Main properties of thelistd plants are presented in Table 1.

Table 1
Properties of the analyzed energy crops (dry basis)
Unit Mig:anthusx Sida _ P_anicum Spa_rtina
giganteus hermaphrodita virgatum pectinata
C [%] 46.6 44.8 45 45.8
H [%] 7.16 7.4 6.9 7.28
N [%] 0.16 0.37 0.55 0.26
S [%] 1.35 1.4 1.43 1.45
o [%] 44.73 46.03 46.12 45.21
Cl [ppm] 417.4 98.3 343.4 174.4
Pb [ppm] 35 56.84 88.96 92.66
Cd [ppm] 1.55 5.2 1.34 1.25
Zn [ppm] 83.28 146.5 1224 147.7
Ash [%] 1.36 2.6 3.23 3.24
Volatiles [%] 75.4 78.8 78.1 77.5
Moisture [%] 7.6 9 8.5 8
LHVyio [MJ/kg] 19.45 19 18.35 19.29

Fig. 1. Samples of gasified energy crops
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The experimental study was conducted using laboratrale fixed-bed gasification
facility. The scheme of the installation is showrFigure 2.
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Fig. 2. Scheme of the gasification installation

The main part of the system is a fixed-bed gasifigh the maximum weight of the
feedstock of 5 kg. The gasified material was fe ithe reactor form the fuel container
above. Gasification agent (air) was fed from thétdyo by pressure fan. Air flowmeter
allows to set the desirable air excess ratio ingasifier. Produced gas passes basic gas
cleaning equipment and the sample to analysikentalhe internal temperature profile in
the reactor is measured by six thermoelementsddaalbng the vertical axis of the reactor.

There are four main zones in the reactor: dryingez(water is evaporated), pyrolysis
zone (thermal decomposition to volatiles and salidr), reduction zone (where main
combustible gas components are produced) and cdimbusone (where part of the
biomass is combusted to generate heat for endoithesactions).

Gasification process was carried out for six aicess ratios: 0.12, 0.14, 0.16, 0.18,
0.23, 0.27.

Results of experimental investigation

Figure 3 shows the dependence of lower heatingesaltHV) on air excess ratio in
reactor during the gasification. Gas with the hih#{V, 3.68 MJ/,, was produced using
Miscanthus x giganteus. It can be seen that for particular type of biosnéere is a certain
range of the lower heating value of the syngas taait be obtained in the gasification
process. Also, there is an optimal air excess fatigtudied energy crops gasification (the
highestLHV). It is caused by the best thermal conditionsendothermic reactions that
result in CO, CHand H.

The lower heating value depends on the amount wiestible gases in the syngas.
The main combustible gas in the syngases is caskiole. Figure 4 shows molar fraction of
the main components of the gases for the optimurexaiess ratia = 0.18, but the relation
between the amount of particular compounds waslainfor the air ratios used in the
experiment. Also, minor differences in the gas cosijions are related to minor
differences in biomass composition. Analyzing fiiggire it can be confirmed that the gas
with the highest.HV consists of the highest amount of CO and,.CH
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Fig. 4. Molar fraction of main components of prodd@as A = 0.18) for all types of energy crops
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Temperature in the gasifier is an important paremethich allows to define where
the particular zones of gasifier are. Figure 5 sholwe temperature profile in the reactor
(4 = 0.18). Despite the biomass type, the higheapé&zature is about 110 mm above the
grate where the oxidation zone is located. Thisezgenerates heat for the drying,
devolatilization and endothermic gasification réats.

Energetic analysis of the CHP system with gas pisteengine

Calculations of CHP unit were based on the gas oaitipns delivered by the
experimental investigation. Gas compositions witle thighestLHV for each type of
biomass were used.

Most manufacturers of gas piston engines for CHRResys does not provide detailed
information about engines parameters fuelled witéraative fuelseg low-calorific value
gases. Common way is to use the indicators desngrithie relative change in the engine
parameters. For the purpose of the analysis, tthedtors were adopted following [5] and
defined by equations (1) and (2). The indicatoesratios of the parameter with alternative
fuel to the parameter with nominal fuel. The indicaof the relative change in the
electricity generation efficiency was defined as:

Nel
c, = — 1
"= 1)
The indicator of the relative change in exhausttgagperature was defined as:
T.
Cry, = Ts—f (2

sp

The superscript “*” refers to the values of chaesistics of the engine operating at
nominal conditions.

For the calculations the following values of theligators was assumed, = 0.909,
cr,, = 0.979 [5].

The database of the engines available on the Paiggket (with electric power under
2.2 MW) was created. The transition functions thdow to estimate the electricity
generation efficiency and the exhaust gas temperais a function of nominal electric
power were made. The functions are described bgdnations:

Ty, = 618.07 - N3, %% (3)
ni = 0.2967 - N, °0*°® (4)

For all types of syngases, thermal efficiency & émgine was calculated. The thermal
efficiency describes the potential of generatingfuisheat. Heat produced within gas piston
engine can be classified into two groups: high- lamdtemperature heat. Low-temperature
heat is obtained from the engine body and inteeroobf the turbocharger.
High-temperature heat is generated in the heatasgdr powered with exhaust gases.
It was assumed that the efficiency of low-tempeamtweat generation is the same as with
the nominal fuel.

To determine the high-temperature generation efiicy, it is necessary to calculate
the amount of heat obtained from the heat-exchawh@h is expressed by the following
formula:
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Qn = msp “Nhe * (haz — hs3) (5)
The efficiency of the heat exchanger,) in equation (5) was assumed at 98%.
Calculations of the enthalpy for semi-deal gasaants 32 and 33 require the knowledge of
the exhaust gas composition and its temperaturkalst gas temperature was calculated
using equations (2) and (3). Exhaust gas compaositomes from stoichiometric
calculations wherein the following assumptions werade: combustion is complete, air
excess ratio i$ = 1.5 and the fuel is syngas with the higHgsV for each type of biomass.
Temperature of the exhaust gas leaving the he&iaexger was assumed at 120°C.
For the annual biomass consumption the gasificagiffitiency was needed. Cold
gasification efficiency was defined as follows:
_ Eehpeye _ mucveLHVicva
Mlece = Echy,  TbiolHVpio 6)
Assuming the cold gasification efficiency at 60%e tmass stream of used biomass
was calculated.
The overall performance of the CHP system integratih biomass gasification is
characterized by several indices:
- Energy Utilization FactoEUF:

EUF = Net? )
EChb
- Cogeneration index:
= Ne
o= ®
- Primary Energy Saving inde¥eS;
1
PES = (1 - W) - 100% (9)
NMrefe Mrefc
- Energy Replacement Ind&RI [6]:
ERl = 2 Tel g Tel (10)
NEk Nelref

According to the methodology described earlierfrif@mynamic analysis for CHP unit
with electric powerNyg = 500 kW and electricity generation efficiengy, = 38% was
made. Results of the analysis are presented ireT2abl

Table 2
The results of energetic analysis for CHP systeegiated with biomass gasification
" . Miscanthus Sida Spartina Panicum
Quantity Unit X giganteus | hermaphrodita | pectinata virgatum
Q [kW] 658 711 697 711
g [%] 0.5 0.54 0.53 0.54
LHVy [MJ/m®] 3.679 2.838 3.000 2.769
LHVhio [MJ/kg] 19.45 19 19.29 18.35
EUF [%] 53 55 55 55
PES [%] 42 43 43 43
ERI [GJIGJid] 0.84 0.91 0.89 0.91
o [ 0.76 0.70 0.72 0.70
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The results of calculations match the data avalablthe literature [4, 7]. Systems
fuelled with gases obtained froBida hermaphrodita and Panicum virgatum present the
highest value of thermal efficiency (54%) what effe in the highest value of the
ERI = 0.91 GJ/Gy},. TheEUF andPES index are similar for most energy crops, the only
exception is system fuelled witfliscanthus x giganteus syngas, with the indices lower by
2 and 1 percentage point respectively. The samteraypresents the highest value of
cogeneration index = 0.76.

Methodology of economic efficiency analysis

One of the commonly used indicators of economiiefficy is a Net Present Value
(NPV) described by the following formula [8]:
= CF
NPV = X350 e (11)
The NPV depends on the net cash flo@H), the discount rater and the number of
working yearstf). The net cash flow can be determined as:

CF, =[] +5 = (Kop + Pa + Kopr) + A+ L], (12)

wherelJ is the investment cosgis the value of sold production (electricity areht),Ko, is
the operating costPy is the income taxKy, is the change of working capital (not
considered in this work} is the amortization, is the salvage value of the company [10].
Using theNPV as an indicator of economic efficiency allows &dcalate a Break Even
Point [8], which, for the purpose of this analysis be defined as the minimum price of the

electricity (3F) or the maximum price of the bioma#$§), from the condition:
NPV =0 (13)

Investment cost formulas were adopted from [7]. aldhvestment cost of the
installation consists of the gasification systerasffier with the gas cleaning unit) cost and
the CHP system cost. Unit investment cost of thefigation system, expressed in €/kW,
can be estimated using following equation:

igy = —59.72 ln(Echb) + 895.95 (14)
and the unit CHP system cost, expressed in €/ld&n be described by the equation;
iy = —144.80In(N;;) + 1802.87 (15)

The unit cost of biomass was assumed to be 246 iiMWhich can also be expressed
in PLN for gigajoule of chemical energyMiscanthus x giganteus 12.65, Sda
hermaphrodita 12.95,artina pectinata 12.75,Panicum virgatum 13.41. The delivery cost
for 100 km transportation distance was assumee 20b€.

Table 3
Fuel annual consumption for all energy crops

. . Miscanthus x Sida Spartina | Panicum

Quantity Unit giganteus | hermaphrodita | pectinata | virgatum

Syngas annua g 7,725,000 10,014,000| 9,474,0p00,264,000
consumption

Biomass annual 2,435 2,493 2,456 2,581
consumption
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Table 3 shows the biomass annual consumption, Talsleows selected assumptions
for economic analysis of all types of studied bisma

Table 4
Selected assumptions for the economic analysis
Specification Unit Value
Annual working time [h] 6,000
Exploitation time [years] 15
Construction time [years] 1
Share of own resources [%] 35
Share of commercial credit [%] 65
Commercial credit rate [%] 6
Payback time of the commercial credit [years] 7
Income tax rate [%] 19
Discount rate " [%] 5
Depreciation rate [%] 6.67
Investment cost [PLN] 5,776,000
Gasification system [€/KW] 436
CHP system [€/K\W] 903
Exchange rate [PLN/€] 4.1
Number of employees [pers.] 2
Monthly salary including related cost [PLN/pers./m] 4,000
Cost of using the CHP system (% of the investmest)c [%] 1
Unit cost of repair (% of the investment cost) [%] 2
Unit cost of water [PLN/GJ] 0.13
Unit cost of sewage treatment [PLN/GJ] 0.02
Unit price of the sale of useful heat [PLN/GJ] 30
Unit price of the sale of electricity [PLN/MWHh] 160
Green certificate price [PLN/MWHh] 114
Yellow certificate price [PLN/MWHh] 115

Results of economic efficiency analysis

According to methodology described earlier the eoaic analysis of the CHP system
with gas piston engine integrated with biomassfigasion was made. Figure 6 shows the
values of the Net Present Value for all system#ddewith all types of produced gas which
did not reach positive values. Given the assumpfithe smallest loss after fifteen years of
operation was achieved for the installation fuellgth Spartina pectinata. However, there
is an important element which may strongly influerthese calculations. In this work, the
gas cleaning unit was considered as a part of #s#fication system and the investment
cost was calculated with the unit cost method. Syst have different annual gas
consumptions which may strongly influence the itwesnt and operating costs of the gas
purification installation.

Results of the Break Even Point calculations aesg@mted in Tables 5 and 6. Break
even price of electricity represents the minimuricerof the product that prevents the
investment from being unprofitable (which relatésoao the break even price of biomass
as the maximum price of fuel).

The economic viability of such systems is stronigijuenced by economic and legal
environment. The sensitivity analysis of selectedameters on the break even price of
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electricity was carried out. The following paramstesere selected for the analysis: annual

operating time of the system),( price of the fuel K,), price of the green certificates

(Keert). The parameters varied in the range of —20 td¥s-28lative to the values assumed in
previous calculations. Results of the sensitivitalgisis are presented in Figure 7. Figure 7
was drawn forSpartina pectinata but the same dependencies were noticed for the

remaining energy crops.
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Fig. 6. The values of thdPV indicator for studied cases
Table 5
Break even price of electricity
. . Miscanthus x Sida Spartina Panicum
Quantity Unit giganteus hermaphrodita pectinata virgatum
kBE [PLN/MWHh] 221.82 216.22 214.83 226.88
Table 6
Break even cost of biomass
. . Miscanthus x Sida Spartina Panicum
Quantity Unit giganteus hermaphrodita pectinata virgatum
kBE [PLN/GJ] 9.12 9.74 9.63 9.59
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Fig. 7. Results of the sensitivity analysis for €dP unit fueled with th&partina pectinata syngas
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The analysis shows that the most influential fagsomnnual working time. It was
assumed that the installation operates 6,000 royesar because of the limited availability
of an innovative technology. Break even price @iceicity decreased by 24.4 percentage
points when the operating time was extended to(7[28urs. Change of the price the
biomass influenced the change bff in the range of +20.8%. Change of the price of the
green certificates caused the changé&#f in the range of +10.6%.

Conclusions

Utilization of energy crops gasification gas awual ffor CHP system with gas piston
engine analysis was carried out. The influencero»xcess ratio on the lower heating value
was investigated. The results shows there are aptionditions of the gasification process
- in this case the amount of the gasification agEat all types of biomass, the maximum
value of theLHV was achieved fot = 0.18. The theoretical part of the work consigtthe
energetic effectiveness indices calculations ofGhH® unit and its economic analysis. The
thermodynamic calculations were focused on deténmithe streams of electricity and
useful heat produced in the system and the anrarsduenption of the biomass. These
guantities allow to carry out the economic analysisne of the presented system reach the
positive value of thé&\PV. However, it was assumed that the systems opér@@® hours
per year as the CHP unit integrated with biomasifigation is an innovative technology
and it is not validated in many real facilities. éTkensitivity analysis shows that annual
operating time is very important factor of changihg values of economic indices. The
advantage of the energy crops utilization is theyt@iemediation process. The
environmental aspects of such technology may peosighport mechanisms that will have
strong impact on the economic effectiveness.
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Abstrakt: Przeprowadzono badania eksperymentalne wieloletrmidin energetycznych (miskanta olbrzymiego,
slazowca pensylwiskiego, spartyny preriowej, prosa rézgowatego) adazslono wplyw stosunku nadmiaru
powietrza w reaktorze na waftoopatows gazu palnego. Wykorzystano reaktor dolagoivy ze ziagem statym.
Najwyzsz wartags¢ opatows gazu uzyskano dla = 0,18 niezalenie od rodzaju biomasy. Sktady otrzymanych
gazow postiayty do obliczeér termodynamicznych i ekonomicznych uktadu kogengrego z gazowym silnikiem
tlokowym. Wyznaczono wskaiki efektywndgci energetycznej uktadu CHP oraz szereg danychciegyych do
analizy ekonomicznej. Rachunek ekonomiczny przepdaeno w oparciu 0 metedvartaici zaktualizowanej
netto. Dla zalgen przyjetych w obliczeniach dla uktadoéw zasilanych wielbleti roslinami energetycznymi nie
uzyskano dodatnich watt wskanika NPV. Wyznaczono graniczne ceny sprzadanergii elektrycznej oraz
graniczne ceny pozyskania biomasy z waruNRY = 0. Efektywné¢ ekonomiczna instalacji zasilanych biomas
silnie zaley od otoczenia ekonomiczno-prawnego, dlatego paegdzono analizy wediwosci granicznej ceny
sprzeday energii elektrycznej ze wzglu na czas pracy instalacji, koszt pozyskania patmaz ceg zielonych
certyfikatow.

Stowa kluczowe:biomasa, zgazowanie, kogeneracjalimy energetyczne, gazowy silnik ttokowy



