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Abstract

The use of biomass waste in high efficient low pollutants emissions micro-cogeneration plants overpasses the main
biomass barriers: competition with the food and material uses, dispersion of a low energy density fuel and high
emissions. Evaluations of present technical aspects, economic benefits and their future projections are very important
to bring into focus the needs of the technological development of this energy application.

This paper is focused on a small (250 kWth) steam gasification fluidized bed and hot gas conditioning system,
contextualized in the case study of a farm situated near Rome. Since most of usable biomass waste comes from
agriculture, appraisal of applicability to real rural contexts deserves closer examination, considering the necessity of a
small size solution as well. A feasibility study of an actual employment of this energy system has included: biomass
availability and energy consumption analysis, biomass and gasification tests, power plant sizing, using experimental
data and chemcad simulation. Finally an economic analysis has been carried out by varying the main economic
parameters. Olive pruning are confirmed as very suitable, and in this case, able to satisfy the farm energy
consumption. Global electrical efficiency of 25% can be achieved without any auxiliary fuel consumption.
Consumption of 60% of the heat generated are required, meanwhile investment and biomass costs up to 8000 €/kW
and 100 €/t can be sustained, especially if the farm electricity cost are higher than 0.15 €/kWh.
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1. Introduction

Recently, a shift in the biomass energy uses is occurring,from traditional (e.g. combustion to produce
heat[1]) to modern’s one (e.g. processes to produce electricity and bio-fuels integrated in farms and
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industries[2,3]) [4]. Distributed generation emerged as a different approach to traditional power
generation, aiming to reduce distribution losses and favour the use of renewable energy resources locally
available such as biomass [4,5], solar [4,6], wind, etc..Biomass technical and economic potentials are
higher than actual world energy consumption[4,7]. Nevertheless, competition with the food and material
demand, dispersion of a low energy density fuel and high emissions limit the bioenergy use (e.g. the
Italian territory amounted to about 30 million metric tons/year [8]). Furthermore, at small scale, the
technology development issues still remain. Actually, a small biomass power plant can reach annual
operating hours lower than 6000, efficiency lower than 25%, high local and environmental meaningful
impacts [2]. Therefore, technical and economic aspects of high efficient low pollutant emissions micro-
cogeneration plants applied in agricultural farm have to be analysed in order to overcome the main
biomass barriers. Gasification-ICE based cogeneration of lignocellulosic residues/waste, as the one of the
present case, is the most direct and accessible way to power generation[9—13]. After the biomass waste
analysis and the relative gasification tests, starting from the farm energy consumption, a power plant has
been sized and the efficiencies calculated, using experimental data and chemcad simulation. Finally an
economic analysis has been carried out, by varying the main economic parameters.

2. Description of the farm studied and the activity

The case study is an olive/house farm (“Il Bagolaro™) located in the area so-called Sabina, north of
Rome that consists of 150 olive-growing hectares (14080 trees);0.64 viticulture hectares (2000 trees);2
wooded and pasture hectares;0.13 fit for seed hectares.

Pruning and olive residues total 330 tonnes per year plus 66 tonnes of leaves. Pruning residues from
viticulture amount to 2 tonnes per year and, from wood, 6 tonnes. The residues from seed hectares total 1
ton per year. These values have been assessed and determined considering mean values of residual
products of the last five years. The farm is already equipped with a chipper to process the biomass to a
uniform size necessary to feed a biomass boiler which can be used for the gasifier. Owing to the fact that
the biomass analysis is a very important step [14],the residues have been sampled and analysed and in the
following paragraph the results of the most important of them are shown.

3. Biomass analysis and gasification tests

The gasification test rig is shown in Figure 1.

Fig. 1.Test rig: (1) bubbling fluidized bed gasifier; (2) biomass feed system; (3) agents inlet; (4) water storage; (5) pump; (6) electric
steam generator; (7) cyclone; (8) torch; (9) ceramic candle filter; (10) secondary reactor; (11) TAR condensation system; (12) mass
flow controller (13) vacuum pump; (14) cumulative gas flow meter; (15) gas-chromatograph (TCD).
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In the gasifier concept considered in this work, the fuel is fed into the gasification zone and gasified by
using only steam. The bed material, together with residual charcoal, circulates to the combustion zone.
This zone is fluidized with air and the charcoal is burned, heating the bed material that is circulated back
to the gasifier supplying the thermal power needed for the gasification reactions. With this concept, the
two reaction chambers (air combustor and steam gasifier) are physically separated and it is possible to get
a high-quality gas, with a reduced N2 content even if air (instead of pure oxygen) is used for the
combustion [18]. By the way, steam is generated recovering heat by the exhaust gases.

The gas yield of the process, and in particular hydrogen, increases at the increasing temperature and
steam to biomass ratio[ 15—17]. Nevertheless, increasing temperature and S/B above a certain value, the
advantages (better gas composition and yield) start to become lower than the disadvantages (higher
energy required). Bench-scale tests were carried out fixing steam/biomass ratio (S/B=1.0) and operating
temperature (T=800°C) and the composition of the produced gas was continuously monitored in terms of
H,, CO, CO, and CHy. The gas yield obtained for T=800°C and S/B=1.0is 1.2 Nm3/kg [19].

Tests were carried out on olive-growing, vine-growing wood and on other most abundant and usable
types of biomass of the farm. The preliminary and ultimate analysis of the biomass samples is reported in
Table 1. The main difference among the various types of biomass is the moisture content that varies
between 21% to 40%. The different moisture content can influence the internal energy balance of a real
gasification process. Moreover, particular biomass, as vine and pine wood, generated problems in the
feeding systems and in the reactor, that required to decrease the humidity content below 10% and the size
below 10 mm, before carrying out the gasification tests.The results of the gasification tests, shown in
Table 2, include producer gas composition and characteristics (regarding the tar, benzene included, pine
have generated about 40 g/Nm® respect to the less than 30 g/Nm? of the olive). The volume concentration
of gas mixture, represented in Table 2, influences the LHV, making it vary between 9.9 MJ/Nm® and 11.3
MJ/Nm’[20]. Cold gas efficiency, as defined in eq. (1),varies between 0.56 and 0.68.

- LHV, Qe
LAV, oo (1)

. Table 1. Preliminary and ultimate analysis of biomass samples

Preliminary analysis (Raw) Ultimate analysis[wt%]
Moisture Ash Volatile Fixed Carbon LHV[MJ/ C H N (6]
[wt%)] [wt%] matter [wt%] [wt%)] kgary]
Olive pruning 214 32 64.0 11.3 19.2 48.0 6.1 0.6 453
Vine pruning 34.9 3.6 52.3 9.2 18.6 56.8 6.8 0.7 35.8
Chipped oak wood 30.2 2.6 57.1 10.1 22.6 50.9 6.1 0.5 42.5
Chipped beech wood 40.0 34 48.1 8.5 18.9 48.5 6.1 0.3 45.0
Chipped pine wood 35.0 3.0 52.7 9.3 20.0 48.9 8.0 1.2 42.0

Table 2. Volume concentration of syngas components resulted by gasification process test at 800°C and S/B=1

Biomass H, cO CO, CH,4 LHV MJ/Nm? MNeold
Olive pruning 444 23.5 24.8 7.2 9.9 0.62
Vine pruning 47.2 242 23.5 7.8 10.4 0.67
Chipped oak wood 39.2 26.1 21.3 9.9 10.5 0.56

Chipped beech wood 38.0 21.9 24.8 10.0 10.0 0.64
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Chipped pine wood 49.0 23.0 25.0 10.0 11.3 0.68

4. Energy consumptions, production and economical evaluation

Farm energy annual consumptions have been determined considering the energy meters data and are:

1. 80 MWh,: main electric consumption of farm, holiday farm restaurant and owner house;

2 100 MWhg: main thermal consumption of holiday farm restaurant and owner house;

3. 100 MWh : electric consumption of the accommodation facilities;

4 100 MWhg: main thermal consumption of the accommodation facilities requested for
domestic hot water production and heating;

5. 300 MWh;: main thermal consumption of the heated outdoor swimming pool.

The farm holiday restaurant and the owner apartment are situated in the same building and the
accommodation facilities include 10 floor apartments. The annual energy consumption results are 180
MWh electric energy and almost 500 MWh thermal energy. Owing to the fact that the olive pruning are
the major resource able to satisfy the energy consumption and that no problems occurred during the
gasification tests, for sizing the power plant, we considered only this biomass. Hypothesizing 5500
equivalent hours for the gasifier, consistent with the operating thermal hour needed by the thermal load,
the biomass feeding rate will be 60 kg/h (see paragraph 2). Considering the calorific value and the
moisture content (see paragraph 3), the CV of the dry biomass is 15 MJ/kg, corresponding to an input

thermal power of 250 kW.
Gasifier Burner Rir
Biomass
-
Flue Gas
ICE
Flue Gas
Water

Fig. 2. Simplified sketch of the plant

Facing the 60 kg/h of wet biomass feeding rate and the gas yield, 56.6 Nm®/h and thus 155 kW of syngas
can been obtained (see paragraph 3), corresponding to95kW of gases enthalpy and thermal losses. Using a
Chemcad simulation showed in Fig. 2, has been calculated the energy spent for the production of the
necessary steam (up to 400 °C) with a S/B = 1.0, equal to42.8 kW, exchanged with the flue gas from the
air combustor, and the energy spent for the pre-heating of the air (up to 400 °C) equal to 18.2 kW,
exchanged with the residual heat coming from the cooling down of the syngas for the feeding of the
cogenerator. Finally,29 kW thermal are used inside the gasifier to heat the air and steam flows up to the
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process temperature and 5 kW are the thermal losses of the reactor, corresponding to a 2% of reactor
thermal losses.The syngas flow of 56.6 Nm®/h (155 kW) is sent to the Internal Combustion Engine (ICE)
for electricity and heat production. Obviously a conditioning system have to be used, e.g. [2], notaffecting
the energy balance, thus it was not taken into account. The cogeneration device considered is a GM RMG
engine produced by General Motors and modified by the company Ma-Tech for the feeding with syngas.
With the syngas feeding, the ratio between the electrical and thermal power produced by the cogenerator
is 0.55/50 kWe and 91 kWth[21]. Considering these values and the annual equivalent operative hours, the
ICE produces 275.3 MWh, and 500.5 MWhy,(gasifier plus ICE electric efficiency of 25.3% ; in line with
the literature plant [22]). These values allow the system to cover the thermal and electrical farm’s
consumptions, producing also an excess of electric energy (95.3 MWh,,)) that covers the plant auxiliary
systems (about 15 MWh,) and that can be sell to the electrical grid (80.3 MWh,)).

Technical and economic feasibility of energy generation systems from biomass sizes have often been
investigated in the last 20 years [23], [24] while many economical and management aspects of the small
scale power generation need to be studied more in detail [25]. The system sizing choices have been made
tracking the farm thermal loads and considering a suitable cogenerator size available on the market.
Thermal load tracking is one of the most efficient solutions to maximize the system yield because if heat
produced could be wholly exploited, electricity always finds a way to get a return: energy saving or sale
by injection to the electric grid if exceeds. The case evaluation baseline considers a low cost woody
biomass and no Italian government incentives. The following figures show the sensitivity of investment
indicators varying some important parameters as cost of electricity, cost of biomass, cost of investment
and thermal energy exploited.
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Fig. 5. PBT(years) at different investment costs (€) Fig. 6. PBT (years) at different heat utilization rates (kWhg,)

For instance, ranging the electricity cost, a pay back time of the investment at a specific cost of 6000
€/kWe varies from 6.0 to 4.1 years making the electricity cost range from 0.11 to 0.20 €/kWh (Figure 3).
At the same investment conditions, PBT varies from 4.5 to 12.1 years making the biomass cost range
from 0 to 0.12 €/kg (Figure 4), while making the investment cost vary from 6,000 €/kWe to 10,500
€/kWe, the PBT ranges between 5.0 and 8.7 years (Figure 5). The thermal energy exploitable is a further
parameter considered in the sensitivity analysis: the results are the variation of PBT between 5.3 and 9.3
years ranging the heat between 440 and 40 MWh.

NPV at different heat utilizations rate
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Fig. 7.NPV(€) at different heat utilization rates (kWhy,)

5. Analysis of the results and Conclusions

Results of the case study lead to the preliminary conclusion that the virtuous nature of the biomass
cogeneration can be accompanied by a good profitability, especially in the context of the agriculture
sector where biomass waste can become an asset. The case studied maximizes the benefits because of
both electric and thermal energy consumption, while many farmsdo not present relevant thermal
consumption. If the power generated fits to the electric load of the farm the business plan gives sufficient
return but the most exciting energy and economical performances are achieved if, besides electricity, the
company needs heat and thermal generation from the cogenerator fits to the loads. Figure 6 seemingly
shows that as the heat utilization decreases, the trend of PBT do not produce unacceptable results unless
in case of heat utilization nearly almost null, but the NPV in Figure 7 shows that zero NPV is obtained
under condition of 300 MWh heat consumed in the farm. Then, it would be necessary to consume at least
60% of the heat generated.

Nevertheless, the maturity of the biomass application do not seem to be very far. Until now, renewable
energies have benefitted from several different incentive systems. Nowadays, since Italian G.S.E.
incentives are seemingly reaching the end and nobody knows if they will be renewed, the data obtained
show that in case of biomass the roadmap towards maturity, reliability and decreasing technology cost
faces a positive feedback making it potentially become the first virtuous case able to generate profitability
without any external dopant support.



Mauro Villarini et al. / Energy Procedia 82 (2015) 335 — 342

Acknowledgements

The financial support of Lazio Region to investigate on the applicability of innovative biomass waste
energy conversion system in the ambit of the farms is kindly acknowledged (Rural Developing Program).

6. Copyright

Authors keep full copyright over papers published in Energy Procedia

References

[1] Carlini M, Castellucci S, Cocchi S, Allegrini E, Li M. Italian Residential Buildings: Economic Assessments for Biomass
Boilers Plants. Math Probl Eng 2013;2013.

[2] Bocci E, Di Carlo A, Vecchione L, Villarini M, De Falco M, Dell’Era A. Technical-Economic Analysis of an Innovative
Cogenerative Small Scale Biomass Gasification Power Plant. Comput. Sci. Its Appl. 2013, Springer Berlin Heidelberg; 2013, p.
256-170.

[3] Bocci E, Di Carlo a., McPhail SJ, Gallucci K, Foscolo PU, Moneti M, et al. Biomass to fuel cells state of the art: A
review of the most innovative technology solutions. Int J Hydrog Energy 2014;39:21876-95. doi:10.1016/j.ijhydene.2014.09.022.

[4] IEA International Energy Agency WORLD ENERGY OUTLOOK, 2014

[5] Bocci E, Sisinni M, Moneti M, Vecchione L, Di Carlo a., Villarini M. State of Art of Small Scale Biomass Gasification
Power Systems: A Review of the Different Typologies. Energy Procedia 2014;45:247-56. doi:10.1016/j.egypro.2014.01.027.

[6] Villarini M, Bocci E, Moneti M, Di Carlo A, Micangeli A. State of Art of Small Scale Solar Powered ORC Systems: A
Review of the Different Typologies and Technology Perspectives. Energy Procedia 2014;45:257-67.

[7] Goldemberg J, Johansson TB. World energy assessment: overview: 2004 update. United Nations Publications; 2004.

[8] Pari L. Energy production from biomass: the case of Italy. Renew Energy 2001;22:21-30.

[9] Di Gregorio F, Santoro D, Arena U. The effect of ash composition on gasification of poultry waste in a fluidized bed
reactor. Waste Manag Res 2014. doi:10.1177/0734242X14525821.

[10]  Shackley S, Carter S, Knowles T, Middelink E, Haefele S, Haszeldine S. Sustainable gasification—biochar systems? A
case-study of rice-husk gasification in Cambodia, Part II: Field trial results, carbon abatement, economic assessment and
conclusions. Energy Policy 2012;41:618-23. doi:10.1016/j.enpol.2011.11.023.

[11] Boateng AA, Banowetz GM, Steiner JJ, Barton TF, Taylor DG, Hicks k. B, et al. Gasification of Kentucky bluegrass
(Poa pratensis 1.) straw in a farm-scale reactor. Biomass Bioenergy 2007;31:153-61. doi:10.1016/j.biombioe.2006.08.001.

[12]  Warren TJB, Poulter R, PArfitt RI. Converting biomass to electricity on a farm-sized scale using downdraft gasification
and a spark-ignition engine. Bioresour Technol 1995;52:95-8. doi:10.1016/0960-8524(95)00022-7.

[13] McHenry MP. Small-scale (<6 kWe) stand-alone and grid-connected photovoltaic, wind, hydroelectric, biodiesel, and
wood gasification system’s simulated technical, economic, and mitigation analyses for rural regions in Western Australia. Renew
Energy 2012;38:195-205. doi:10.1016/j.renene.2011.07.032.

[14] Carlini M, Castellucci S, Cocchi S, Manzo A. Waste Wood Biomass Arising from Pruning of Urban Green in Viterbo
Town: Energy Characterization and Potential Uses. Comput. Sci. Its Appl. 2013, Springer; 2013, p. 242-55.

[15] Gao N, Li A, Quan C, Gao F. Hydrogen-rich gas production from biomass steam gasification in an updraft fixed-bed
gasifier combined with a porous ceramic reformer. Int J Hydrog Energy 2008;33:5430-8.

[16] Huang Z, He F, Zheng A, Zhao K, Chang S, Zhao Z, et al. Synthesis gas production from biomass gasification using
steam coupling with natural hematite as oxygen carrier. Energy 2013;53:244-51. doi:10.1016/j.energy.2013.02.068.

[17] Nikoo MB, Mahinpey N. Simulation of biomass gasification in fluidized bed reactor using ASPEN PLUS. Biomass
Bioenergy 2008;32:1245-54. doi:10.1016/j.biombioe.2008.02.020.

[18]  Vecchione L, Moneti M, Bocci E, Di Carlo A, Villarini M, Carlini M, et al. Steam Gasification Of Pine Wood In A
Fluidized Bed Reactor: Model Development And Validation At Different Operative Conditions. 21st Eur. Biomass Conf. Exhib.,
2013.

[19] Parthasarathy P, Narayanan KS. Hydrogen production from steam gasification of biomass: Influence of process
parameters on hydrogen yield — A review. Renew Energy 2014;66:570-9. doi:10.1016/j.renene.2013.12.025.

[20] Kalinci Y, Hepbasli A, Dincer I. Biomass-based hydrogen production: A review and analysis. Int J Hydrog Energy
2009;34:8799-817. doi:10.1016/j.ijhydene.2009.08.078.

[21]  Report Project HBF - Relazione di dettaglio sul progetto realizzato e sui risultati raggiunti. 2015.

[22] Onovwiona HI, Alan SF, Ugursala VI. Modeling of internal combustion engine based cogeneration systems for
residential applications. Appl Therm Eng 2007;27:848—61. doi:10.1016/j.applthermaleng.2006.09.014.

[23] Caputo AC, Palumbo M, Pacifico MP, Scacchia F. Economics of biomass energy utilization in combustion and
gasification plants: effects of logistic variables. Biomass Bioenergy 2005;28:35-51. doi:10.1016/j.biombioe.2004.04.009.



342

Mauro Villarini et al. / Energy Procedia 82 (2015) 335 — 342

[24] Bridgwater AV. The technical and economic feasibility of biomass gasification for power generation. Fuel 1995;74:631—
53.

[25] Rodriguez Coronado C, Yoshioka JT, Silveira JL. Electricity, hot water and cold water production from biomass.
Energetic and economical analysis of the compact system of cogeneration run with woodgas from a small downdraft gasifier.
Renew Energy 2011;36:1861-8. doi:10.1016/j.renene.2010.11.021.

Biography

Mauro Villarini, was born in Rome, Italy, in 1979. He received M.S. degree in mechanical engineering,
in 2003 and the Ph.D. degree in Energy Systems, in 2007 at the University of Sapienza, Rome. From
2007 to 2012, he has been a Research Assistant at the Sapienza University at CIRPS. Since 2012, he has
been an Assistant Professor at Tuscia University of Viterbo of Fluid Dynamics and Energy Systems. He
is Author or co-Author of 4 books and more than 20 articles. His research interests include thermal
processes of energy systems (solar thermal, biomass, gasification and photovoltaic).




