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Abstract

Background: Energy e ciency in buildings must be increased in order to reduce both energy intensity and green-
house gas emissions. This study proposed the replacement of existing diesel boilers with biomass boilers, using four
fuels (bulk pellets, wood chip, olive kernel and milled nutshell) to meet the energy demands of educational buildings
in the region of Extremadura (Spain). High uncertainty surrounds biomass price prediction a ecting the accuracy of
economic feasibility analyses; thus, stochastic processes are suitable to support an improvement in the accuracy of
predictions. The objective of the study is to demonstrate the feasibility of replacing diesel boilers with biomass boilers

in order to revalorize agroforestry residues.

Results: A stochastic simulation of the feasibility of replacing oil-fired boilers with biomass-fired boilers was carried
out in this research. Up to 20 million possible scenarios of 10 years of fuel price evolution were simulated by Monte
Carlo method based on empirical price trends data. Regression models were built to relate Net Present Values with
discount rates, whose statistical dependency was significant. Predictions on financial indicators showed biomass fuels
as the most profitable investment, rather than fuel oil. Specifically, in this study, milled nutshell was found the most
profitable fuel in the simulation runs, with Net Present Value =27,151.09 € (standard deviation =7939.88 €) and Inter-

nal Rate of Return =16.9% (standard deviation = 3.4%).

Conclusions: Continuing to use oil-fired boilers costs more than the purchase and operation of new biomass-fired
boilers, since the latter produce a higher cumulative cash flow than the initial investment within the next years. The
payback period lies within the range of 4 to 6 years depending on the type of biomass fuel. Getting on the path to
sustainability in education buildings can reduce up to 94.4% GHG emissions. This research contributes to promot-
ing the use of low-emission fuels to meet the energy demand of educational buildings. Its results will have a positive
e ectinthe region of Extremadura (Spain), as it boosts the appreciation of agro-industrial waste and economically

strengthens the sector.

Keywords: Biomass, Monte Carlo method, Educational buildings, GHG emissions, Sustainability

Background

Buildings are responsible for 40% of the energy demand
in the European Union [1]. Actions aimed at satisfying
energy demands with renewable resources drive global
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policies on energy [2, 3]. Specifically, the substitution of
oil-fired equipment by other fed by biomass fuels is con-
sidered in the Green Deal regarding the Zero Emissions
2050 Long-Term Strategy in Europe [4].

Within the significantly large public real estate sector,
there are a large number of educational buildings whose
energy consumption is highly substantial [5]. In this con-
text, European laws have been started to demand lately
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that new public buildings should perform a nearly zero
energy consumption [6]. In the near future, existing
buildings must be renovated, since public administra-
tions are required to renew annually at least 3% of total
floor area of the buildings whose built surface exceed
500 m? [7].

Educational buildings’ sustainability can be improved
through the renewal of equipment and facilities, substi-
tuting fossil-fed boilers by other e cient and renewable
technologies such as biomass boilers. Educational build-
ings will play an outstanding role on the low-carbon
economy mainly based on nearly zero-energy buildings
[8].

Biomass is being used to satisfy the energy needs of
buildings, either in the form of firewood, wood chips or
pellets, whose origin can be direct production or agrofor-
estry residues [9]. It was determined that replacing con-
ventional oil-fired thermal systems by systems fed with
agroforestry residues had beneficial economic and envi-
ronmental implications [10]. Replacing oil-fired boilers
with gasoil in Spanish households reduced non-renewa-
ble primary energy consumption by 92.3% and CO, emis-
sions by 93.8%, although primary energy consumption
increased by 7.2% [11]. A case study demonstrated the
sustainability of sourcing local biomass for self-sustain-
ing thermal energy systems in Spain. [12].

Literature review

Many studies characterized the energy consumption in
educational buildings around the world. For educational
centres in Madrid (Spain), in an urban environment,
lighting and air conditioning were the major contribu-
tions. Each one stood for 26% of the total energy con-
sumption, and the third-largest contribution referred to
other equipment (20%) [13]. In Taiwan, it was observed
that the annual thermal energy consumption ratio was
20.1 kWh/m? and 465 kWh/student [14]. In South Korea,
most of the energy consumption share referred to the
electric equipment and heating systems, due to the trend
of implementing electric equipment in HVAC systems,
from which 92 MJ/m?/year (25.55 kWh/m?/year) corre-
sponded to diesel and 325 MJ/m?/year to natural gas [15].
In Cyprus, it was concluded that the energy intensity
in educational buildings was 62.75 kWh/m?/year, from
which 38.59 kwh/m?/year corresponded to thermal uses
[16].

In Portuguese schools, a total consumption of 67 kWh/
m?2 was quantified, and 16 kwh/m? of the total consump-
tion referred to the gas contribution [17]. In Ireland, the
average heat consumption in schools was 53 kWh/m?/
year [18].  ermal consumption in Greek schools was
estimated at 68 kWh/m?/year [19]. It was indicated that
it was possible to reduce energy consumption by up to

Page 2 of 14

28.75% combining di erent actions such as increasing
walls thicknesses and improving airtightness [20]. Heat-
ing energy demand is naturally higher in colder climates.
For example, in Norway, the total heating demand for
district heating was 72 kWh/m?/year [21], while in Fin-
land it was 104 kWh/m?/year [22].

e feasibility of implementing abatement strategies
to reduce CO, emissions was also studied, achieving a
reduction in carbon emissions of 20.8%, by increasing
the cost of the infrastructure by 2.2% being implementing
biomass boilers one of the key measures [23]. Besides, it
was concluded that pellet boilers in small-scale residen-
tial energy systems were well perceived by users, both
economically and in terms of emissions [24].

All fuel prices are usually regulated by a combination
of heterogeneous factors that depend on geographical
aspects, a country’s development level and energy poli-
cies. In Spain, the prices of petroleum-derived fuels are
influenced by international markets and regulated by
the Ministry of Industry [25]. However, the prices of
biomass fuels are not controlled by the authorities, and
they are subjected only to the market regulation [26]. In
this uncertain context, in which a multitude of interre-
lated socioeconomic and seasonal factors determine the
evolution of biomass prices, the results of the economic
feasibility analyses may not adequately predict the profit-
ability of related investments.  us, stochastic processes
are suitable to support an improvement in the accuracy
of predictions.

e Monte Carlo method has been widely used to con-
figure possible future scenarios and to evaluate the prof-
itability of investments. A Monte Carlo simulation was
applied to calculate the Net Present Value (NPV) and the
Levelized Cost of Energy (LCOE) to find the profitabil-
ity of investing in state-of-the-art nuclear power plants
over the next few years [27]. Stochastic simulations were
also carried out to predict the price of methanol gener-
ated throughout the life cycle of a production plant [28].
Economic considerations related to reusing wastewa-
ter with the purpose of helping to reduce water scarcity
were made using Monte Carlo [29]. e future devel-
opment of drainage technology was evaluated through
the estimation of the NPV using the prediction of the
oil price based on random simulations [30]. Finally, dif-
ferent investment alternatives were assessed to improve
the energy e ciency of buildings, trying to maximize the
NPV [31].

is study is relevant, because it proposes using low-
emission fuels to meet the energy demand of educational
buildings. Furthermore, promoting biomass will have a
positive e ect in the region of Extremadura (Spain), as it
boosts the appreciation of agro-industrial waste and eco-
nomically strengthens the sector.
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Multiple future scenarios are considered using the well-
established Monte Carlo method to cover and extrapo-
late the situations to a large sample of possible cases. e
study can be applied to other educational buildings, as
well as to buildings in other sectors that are supplied by
oil-fired boilers.

e main objective of this study is to carry out a quan-
titative analysis using random variables simulations on
multi-fuel biomass boilers feasibility.  is work will assist
policymakers and managers in making investment deci-
sions on substituting diesel thermal facilities in educa-
tion institutions.  is paper will contribute to the global
reduction of GHG emissions as evidence and will be
useful to assess and reduce the environmental impact of
educational buildings.

Methods

At first, sampled educational buildings and their corre-
sponding energy consumption were characterized, and
the cost of undertaking a change in the heating technol-
ogy was assessed for each building.  en, the evolution
of the available fuel prices over a 5-year period was char-
acterized. e gathered information set the boundary
conditions to apply Monte Carlo method and simulate
2000 scenarios of future prices for each fuel, consider-
ing fuel prices variations as random variables. A random
variable is considered to be a variable of an experiment
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not yet performed that can take di erent values depend-
ing on the boundary conditions.  ese results were used
to obtain the value of the economic viability parameters
corresponding to each investment. It was possible to
characterize the economic viability parameters for the
period of 10 years, using a Monte Carlo method. e
study included 2000 simulations of the economic viability
parameters. Each simulation combined 2000 subsequent
simulations for each interannual price variation rate.

ose simulations were applied for each fuel: diesel, pel-
let, wood chip, olive kernel and milled nutshell. e study
was composed by 20 million simulations, carried out in a
spreadsheet, simulating the di erent random variables in
order to explore multiple scenarios.

e methodology workflow is shown in Fig. 1. e
educational buildings in the sample and their energy
consumption were identified, evaluating the cost of
investment in biomass-based technology. Subsequently,
the evolution of available fuel prices was characterized.

e compiled information defined the boundary condi-
tions to apply the Monte Carlo method and simulate
2000 future price scenarios for each fuel, considering
price variations as random components over a 10-year
future horizon. e study included 2000 simulations of
the economic feasibility parameters, which combined
2000 subsequent simulations for each year-to-year price
variation rate for each fuel: diesel, pellet, wood chip, olive

Sample of Heating facilities «| Consumption and
Educational Centres identification energetic needs
A Seasonality, Diesel boil
Fuel characterization »|geographical aspects [ iese! bollers
substitution by
and external factors .
biomass
Y
Historical Data ¢
Collection Initial Investment
Y
- »| Net Present Value
Equivalent Beta Validation and Internal Return
Function _| Ratio over 10 years
#1 (2000 simulations)
¢ Yes ¢
2000 simulations for - Average and Conclusion on
each fuel ”| Standard Deviation feasibility
Fig. 1 Methodology workflow
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kernel and milled nutshell.  erefore, 20 million cases
were simulated in the study using ad hoc spreadsheets. A
su ciently large number of simulations were considered
to obtain convergent and realistic values within a reason-
able uncertainty.

Study area and sampled buildings characterization
e energy consumption of 12 educational buildings
in Extremadura (Spain) was analysed during the period
2016—2020. Extremadura is a region in southwestern
Spain bordering Portugal. e Mediterranean climate
is the dominant one in Extremadura, which is softened
by the advection of maritime air masses from the Atlan-
tic. e energy generation mix in Extremadura is mainly
based on nuclear technology and covers peak demand
with renewable energy (hydro, solar, wind and biomass).
Extremadura has 966 schools in operation, of which
113 are privately owned and the rest are public. e vast
majority use diesel boilers for both heating and DHW.
e items in the sample have characteristics that repre-
sent all the educational buildings in the region that had a
diesel boiler for heating and DHW. Built area, number of
students, annual energy consumption and boiler perfor-
mance can be classified into three representative popu-
lation groups: large, medium, and small. Average annual
thermal consumption during the period 2016—2020,
technical characteristics of the boiler and functional
parameters of each building are shown in Table 1. e
audit was conducted in accordance with the standard EN
16247-2:2014 [32], establishing the requirements, meth-
odology and deliverables for an energy audit of a building.
e annual energy consumption of the analysed cen-
tres depended mainly on the characteristics, construc-
tion features and size, although the operating time of use,

Table 1 Educational buildings features of the sample
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the boiler fuel, and the weather conditions were similar
among centres. e operating regime for all the boilers
was from October to March, with an average of 20 days
a month for 5 h/day, depending on the actual operating
conditions. For each building, the energy demand was
obtained from an energy audit, on base of the boiler size.

e buildings of the sample had one or two built floors
above ground, with a constructed area of between 1000
and 2000 m? per floor—depending on the number of
students—with external enclosures with the following
constructive characteristics: double brickwork with air
chamber, rendering on the outside and plaster on the
inside, flat roof and floor slab. All the selected buildings
used diesel as fuel to satisfy their thermal needs.

e replacement of diesel boilers by commercial bio-
mass boilers was proposed after analysing the energy
consumption profile of each educational building. e
boilers were chosen from a range of biomass multi-fuel
boilers, so their nominal power could satisfy the ther-
mal needs of the sample of educational buildings. When
selecting the new heat generators, Spanish thermal reg-
ulations were complied with [33]. e characteristics of
the commercial boilers are shown in Table 2.

All boilers consisted of a steel boiler body with a cast
iron burner which used a mechanical feeding system. e
boiler gate was designed so that the inspection and clean-
ing was adequate, while maintaining insulation. e feed
hopper had a variable range of volumes, depending on
the power of the boiler. A screw conveyor transports fuel
inside the device, and other elements were three smoke
passages and air controls in both the primary circuit and
the secondary circuit. e boiler working pressure could
rise up to 3 bar and its e ciency could reach perfor-
mances of up to 97.4%.

ID Built area (m?) Students Annual consumption Boiler performance  Annual energy Annual
(kWh) (%) costs (€) maintenance
Costs (€)
EBO1 3029 63 89,820 80 7102.84 404.19
EB02 3785 460 49,900 88 3946.02 202.10
EBO3 4227 427 99,800 88 7892.04 404.19
EBO4 2155 243 89,820 80 7102.84 404.19
EBO5 642 140 39,920 82 3156.82 161.68
EBO6 6994 81 191,342 90 15,131.06 94714
EBO7 2652 172 95,671 92 7565.53 43052
EBO8 1736 199 146,462 86 11,582.01 72499
EB09 2573 222 85,648 80 6772.92 423.96
EB10 2770 101 69,840 90 5522.85 31428
EB11 3447 233 79,241 90 6266.27 356.58
EB12 1517 321 104,720 86 8281.11 706.86
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Table 2 Features of the range of biomass boilers

Parameter Value

E ective power (kW) 80-400
Boiler body Steel
Burner Cast iron
Maximum pressure (bar) 3

Hopper volume (1) 190-3800
Performance (%) 88.5-974

A screw conveyor supplies fuel to the boiler at the
appropriate speed to ensure adequate internal thermal
conditions. e auger was designed to work with all
sizes of biomass analysed in this work. erefore, the
screw conveyor will allow the multi-fuel boiler to be sup-
plied with the di erent biomass fuels without the risk
of clogging. Boilers can be fed by di erent solid fuels,
but not simultaneously. In order to change fuels, minor
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adjustments have to be made. e diagram of the bio-
mass-fired heating system at educational buildings is
shown in Fig. 2.

Apart from the boiler investment and assembly, other
complementary elements such as silos, chimneys and
filters were considered. e biomass boilers were sized
so that they could satisfy the same thermal needs as in
the previous scenario in which diesel was used. A slight
superior performance was also found in biomass boilers
in comparison to diesel boilers, especially with assessing
the old ones, since they provided additional brute energy
savings.

Fuel characterization

e defining parameters of the available biomass fuels
are shown in Table 3: lower heating value (LHV), den-
sity (p), diameter (D), length (L), wet basis moisture con-
tent (M,,), sulphur (S) and ash content (%), which are
obtained through subjecting fuels to common thermal

Silo Heating System DHW @ Pump @ Gauge
@ X X X X Gate valve z Filter
% 3-way valve ~ —— Hot water
Screw CP CP CP
conveyor : : : @ Motor === Cold water
@ . @R l
1 1 1
L
i
1
Biomass e
, : Buffer Heat
boiler Z exchanger
1
LR e -
. 1 1
é Expansion ! ! !
' vessel : : :
oo DA - v
Fig. 2 Diagram of the biomass-fired heating system
Table 3 Solid biofuels composition in Spain. Source: [35]
Fuel LHV (kWh/kg) p (kg/m3) D (mm) L (mm) M, (%) S (%) Y (%) Fixed Volatile
carbon (%) matter (%)
Bulk pellets 47-53 1000-1400 4-10 <40 <12 <0.04 <15 481 853
Wood chip (class 1) 28-44 200-320 - <63 20-45 <020 <30 46.6 89.1
Olive kernel 5.0-5.3 650-700 - 3-5 7-12 <001 ~35 219 76.4
Milled nutshell 44-53 470 - <30 8-15 - - 349 76.1

LHV: low heating value, p: density, D: diameter, L: length, M,,: moisture content, S: sulphur content and ¥: ash content
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processes [34]. For each fuel, typical parameters in com-
mercial fuels in Spain are shown [35].

e maintenance cost depends mainly on the type of
fuel used. Oil-fired boilers have lower maintenance costs
because the combustion generates hardly any ash. How-
ever, solid fuel has a high percentage of ash that must be
removed frequently.

In addition, the composition of some types of bio-
masses is heterogeneous, which can lead to maintenance
cost overruns. Biomass for energy production—bulk pel-
lets and wood chips—have regulated parameters such as
calorific value, humidity, dimensions, ash content, chlo-
rine, density and traceability, among others [36]. How-
ever, agroforestry by-products and residues such as olive
kernels and dried milled nut shells are not regulated, and
their composition is indicative.  erefore, maintenance
costs are higher for biomass boilers.

Periodic maintenance is required for biomass boilers
due to ash and non-combusted elements and slugging
appearance, which is not applicable to diesel boilers.
It was reasonable that maintenance cost of solid-fuel-
fed boilers ranked higher than those fed by liquid fuels,
due to non-combusted elements and ash that need to be
removed frequently. In addition, maintenance costs are
linked to the heterogeneity of the fuel, especially in bio-
mass. Biomass aimed at energy production—bulk pellets
and wood chip—had regulated parameters of humidity,
dimensions, ash content, chlorine content, density, and
the origin of the fuel, among others. Subproducts like
olive kernels and dried milled nut shells are regulated by
national and international standards [36].

Costs associated with maintenance depend on several
factors and can be expressed as a function of the con-
sumption.  ese values were considered: 0.0045 €/kWh
for diesel boilers, 0.0120 €/kwh for pellets and wood
chip and 0.0150 €/kWh for olive kernel and milled nut-
shell.  is data was obtained based on previous studies
[37]. It seemed logical that the boilers fed with solid bio-
fuels required a more intensive maintenance regime (ash
removal, filter cleaning, etc.), compared to those fed with
liquid fuel, as the combustion of the latter is way cleaner.

Based on historical data, the monthly price variation
for diesel [25] and the trimestral price variation for bio-
fuels [26] were obtained for the 2016—2020 period. s
information would serve as an input for the stochastic
simulation to evaluate possible future scenarios.

Stochastic simulation

e historical data on fuel prices evolutions were approx-
imated to an equivalent beta distribution. e beta dis-
tribution is a type of probability distribution that can be
fitted to the shape of a histogram of data.  is approxi-
mation takes the original shape of the dataset and serves
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as boundary conditions to generate random scenarios
with a similar probability distribution.  is ensures that
the random simulations are appropriate for the sample.
Consequently, historical data served as an input to the
simulations, and it established the limits to estimate the
future price of fuels.

e NPV depends on the rates of change of fuels, ini-
tial investment, and cash flow. e rate of change of
fuel prices in future years is unknown but has been
simulated based on historical data.  erefore, the NPV
data are a ected by the uncertainty of fuel price vari-
ation.  rough this analysis, the fluctuation of the pos-
sible price variations for di erent fuels was modelled to
determine a reasonable discount rate with an acceptable
margin of uncertainty. e Beta distribution function is
shown in Eq. (1):

b

B(a, B) :/ x4 1 —x)PLdx, (1)
a

where x is a random variable associated with the price of

each fuel (in €), between the minimum and the maximum

value it can take according to the data history, and « and

B are the shape parameters of the beta distribution.

e shape coe cients o« and B were adjusted for each
fuel through an iterative process until the beta function
resembled the quarterly price variation histogram. ere
were two leading conditions for the iterative process: (1)
matching the mean of the estimated distribution with
the mean variation of the data history collection—with
no exceptions—and (2) including 95% of the histori-
cal data between the lower and upper limits of the beta
simulation.

Although there is unavoidable uncertainty in the simu-
lations, the probability density function of the forecasts
has a similar shape to the histogram of the historic data.

us, applying the Monte Carlo method together with
the adaptability of the Beta distribution reduces the fore-
casts to an acceptable level of uncertainty.

Economic feasibility analysis

With this approximation, feasibility was assessed by using
the random numbers algorithm. Given that the annual
price variation rates were known for each fuel, a discount
rate was simulated between 0 and 10% within a uniform
probability distribution, and thus feasibility parameters
were evaluated.

NPV was considered as a key factor to indicate the
investment profitability in a 10-year period. NPV allowed
to assess the cash flow subjected to variations such as
inflation or the discount rate. For each fuel j, a single
NPV was obtained through Eq. (2):
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NPV, = — L — L), 2
nyj Zt:l (1 +k)t 0y ( )

being NPV, ; the NPV for each fuel j in n years’ time, CF;,
the cash flow for each year ¢, k was the discount rate or
capital cost, and 1, ; was the initial investment of the bio-
mass boiler implementation, depending on the building’s
energy needs. e initial investment includes the removal
of the old diesel boiler, the purchase and installation of
the biomass boiler and the adaptation works for the cor-
rect operation of the new boiler. No costs are foreseen
beyond the storage in the silo of the installation. In the
calculation process, an average load regime in the bio-
mass boiler has been considered.

e cash flow CF;; was the di erence between diesel
boilers costs (Cp,;) and biomass boilers costs for each bio-
fuel j (C; ;) and expressed on a yearly basis for each year .

ese costs include the operation and maintenance of the
installation. Updated costs for each year were defined in
Eq. (3) for diesel and for biomass fuels in Eq. (4):

Cp: = Cpa1 - (1+IRp), 3

Cir = Cii- (1+1R;)'Vj € {1,2,3,4), ()

where C;, was the cash flow for the year ¢, C;; was the
cash flow for the first year, IR is the diesel annual varia-
tion rate, and IR; is the annual variation rate for each bio-
mass fuel: (1) bulk pellets, (2) wood chip, (3) olive kernel,
and (4) milled nutshell. In addition, the Internal Rate of
Return (IRR), as well as the k value which nullifies NPV
of Eq. (2).

Up to 2000 iterations were made in order to determine
the averaged NPV and a linear regression equation for
each case. Later, the adjustment was subjected to revi-
sion, assessing whether R?>0.80. Taking the subsequent
2000 simulations into account to determine a price varia-
tion rate for each NPV, and repeating this calculation for
each fuel, 20 million simulations were achieved in an ad
hoc spreadsheet.

Finally, to determine which fuel was the most suitable
regarding the diesel boiler substitution, economic param-
eters, seasonality, availability, and opportunities of sup-
plying biomass to educational buildings were assessed.

Emissions comparison and energy consumption

Regarding greenhouse gas emissions, CO,, CO and NO,
emissions were considered as the most significant param-
eters in these facilities in terms of environmental impact. A
comparison was made between the emissions correspond-
ing to centres whose boilers were fed by diesel and the
same buildings using biomass-fed boilers. For this study,
the well-established conversion factors in Spain shown in
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Table 4 were taken as a references [38—40], which provides
data applicable to energy consumption in the process for
the European Energy Mix.

A higher e ciency of biomass boilers compared to oil-
fired boilers was considered because the existing ones were
older technology and less energy e cient, considering the
same thermal demand in both boilers.

Results

Price variation rates

Di erent rates of variation were simulated from a beta dis-

tribution function which is made up of the shape parame-

ters « and 8 and simulated between lower and upper limits.
ese limits are set by the minima and maxima in the his-

torical data in the period 2016—2020 within the interval

(x — 30, x + 30) for each fuel, where x is the average of the

variance of each fuel and ¢ is its standard deviation.

e averaged values from the historical data and their
equivalent beta distribution function parameters (shape
factors a and B, and limits x + 30) are shown in both
Table 5 and Fig. 3 for each fuel. On the Y-axis, the frequen-
cies of the distributions are plotted. e left Y-axis repre-
sents the frequency according to historical data and the
right Y-axis represents the simulated beta distribution. e
grey shading shows the probability distribution given by
the simulation.

e average annual price variation rate estimated for the
target fuels within a 10-year time span is shown in Table 6.

e higher variation rate corresponded to milled nutshell,
followed up by diesel, olive kernel, bulk pellets and wood
chip.

Economic feasibility analysis

e highest change rate is for milled nutshell, followed by
olive kernel, diesel, bulk pellets, and finally wood chips.
NPV corresponding to the current diesel boilers substi-
tution by boilers fed by each of the listed analysed fuels is
shown in Fig. 3. NPV performs a negative slope in each
case, showing lower results as the discount rate rises, which
can be linked to the Consumer Price Index. e discount
rate shows a linear probability distribution between 0 and
10%.

e slope of the linear fits in Fig. 4 determined the vola-
tility of the change rates for the di erent fuels against dif-
ferent discount rates. e highest slope in absolute value
corresponded to milled nutshell, so it had a higher volatility

Table 4 Energy-to-emissions conversion factors. Source: [38—40]

CO, (kg/kWh) CO (kg/kWh) NO, (kg/kWh)
Diesel 0311 1.26.107 1.80-10°
Biomass 0018 0.040 2591072
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Table 5 Beta distribution parameters
Combustible Mean annual in ation rate Standard deviation a B Lower limit Upper limit
(5-year span) (%) (5-year span) (%) (X — 30) (%) (X + 30) (%)
Diesel 343 0.23 222 272 —384 539
Bulk pellets 220 092 0.64 1.09 —373 783
Wood chip 0.22 110 252 133 —11.05 590
Olive kernel 458 249 049 093 —6.93 16.64
Milled nutshell 5.01 197 373 3.30 — 1347 14.31
5+ 5 Wood chip
Pellet
4 47
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5% g
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Fig. 3 Fuels historical variations and beta approximation chart

Table 6 Annual price variation rate for each fuel

Fuel Annual price variation rate
Mean (%) Standard
deviation
(%)
Diesel 3.82 047
Bulk pellets 235 0.28
Wood chip 032 0.30
Olive kernel 485 0.60
Milled nutshell 5.29 041

than the rest of the fuels, whereas the wood chip shows
more stability in this regard.

e average values of financial indicators related to the
investments for each fuel are listed in Table 7. On the one
side, milled nutshell performs better average financial

outcomes—higher NPV and IRR—although it shows the
higher standard deviation. On the other side, bulk pellets
perform lower financial outcomes—lower NPV and IRR.

Both aggregate costs and cumulative cash flows related
to the biomass alternatives are shown in Fig. 4, consider-
ing historical year-to-year price rates against a constant
discount rate. It could be proved that aggregate costs in
10 years would be higher if diesel boilers are kept opera-
tive. Cumulative cash flow layout showed a comparison
of all biomass fuels against a baseline defined by a boiler
fed by diesel. In this case, investments were shown to
be amortized in between 4 years for milled nutshell and
6 years for bulk pellets.

In Fig. 5a, the aggregate costs of operating boilers
with both diesel and biomass alternatives are plotted.

e aggregate costs over 10 years are higher if the die-
sel boilers were kept in operation. In Fig. 5b, the cumula-
tive cash flows of all biomass fuels have been plotted with
respect to a diesel boiler set as a reference. In this case,
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Table 7 Investments financial indicators for each fuel

Biomass fuel NPV IRR Average aggregate operation Average
costs (10-year span) cumulative
cash ow
Mean Standard deviation Mean Standard (10-year span)
deviation

Diesel - - - - 102,905.70€ -
Bulk pellets 11 051.80€ 5683.60€ 7.1% 32% 78,759.06€ 24,146.64€
Wood chip 22 20455€ 7406.49€ 13.6% 33% 62,795.60€ 40,110.10€
Olive kernel 15174.83€ 5953.63€ 10.5% 3.3% 67,882.08€ 35,023.62€
Milled nutshell 27 151.09€ 7939.88€ 16.9% 3.4% 60,467.44€ 42,438.26€

the investments are amortized over 4 years for milled
nutshells and 6 years for bulk pellet.

Emissions into the environment

Assuming the above energy-to-emissions conversion
factors, the emissions results are presented in Fig. 6. A
4.03% consumption di erence was identified, as new
biomass boilers showed a slight better performance than

older ones because of aging e ects, not because of the
fuel source.

For diesel boilers, energy demands showed an annual
consumption of 1142.18 MWh, while the same annual
heating needs could be achieved with 1096.14 MWh
using new biomass boilers. CO, emissions could be cut
down up to 94.4%, however, CO emissions increased 304-
fold and NOx emissions increased 1380-fold.
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Fig. 5 Average aggregate operation costs (a) and average cumulative cash flow using diesel as a baseline (b)

Based on the features of the sample of educational
buildings, it was obtained that average annual consump-
tion stood for 32.15 kWh/m? and 429.07 kWh/student
with current diesel boilers, whereas biomass multi-fuel
boilers stood for 30.85 kwWh/m? and 411.77 kWh/student.

Discussion

Among the advantages of the introduction of biomass
boilers in educational buildings, it could be found that
there was proximity and versatility regarding the biomass
fuels procurement, especially in a predominantly rural
community where agroforestry residues and tree masses
abounded. e key factors of using biomass in school
buildings were the close origin of the fuel and the signifi-
cant cost savings reported [41].  is research was carried
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Fig. 6 Comparison of emissions between diesel and biomass fuels

out in a predominantly underpopulated rural area. Con-
suming locally produced fuel was a strategy to attract and
set population, as well as maintain the forests’ health and
enhance the usage of agricultural waste [42].

Biomass boilers modular design allowed solutions to
be scaled with a proportional relationship between price
and power. Consequently, fuel price was the determining
external factor regarding investment profitability, not the
scale of the solution. Financial indicators were favourable
in all fuel substitution cases, so it would be economically
viable to undertake any of the investments. Depending
on the fuel, the investment in a biomass thermal facil-
ity could be amortized between the 4th and the 6th year
depending on the type of fuel.

e sensitivity of the NPV with respect to the update
rate was considerably di erent between the cases.
In descending order, the highest sensitivity stood for
chipped wood, followed by olive kernel, milled nut-
shells, and bulk pellets. is could arise as the result of
the hypothesis formulation, based on the historical fuel
data and the high variability in the evolution of the price
of seasonal biomass fuels [43, 44].

e results showed that regardless if the scenario—
optimistic with low discount rates or pessimistic with
high discount rates—milled nutshell is positioned as
the most advantageous alternative, while the bulk pellet
yields the worst financial result among the biomass fuels
studied.

Despite this, the NPV of the bulk pellet had a lower
sensitivity to the variation of the discount rate. In addi-
tion, bulk pellet and wood chip supplies were continuous
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unlike other crop-dependent fuels, so they did not need
to be stored in large quantities. In addition, they had
more homogeneous physicochemical characteristics
than other fuels [45].  is was not the case for nutshells,
which, since it is seasonal, required huge storage needs.
Plus, physicochemical characteristics were not homoge-
neous, and transport costs could be entailed if biomass
was not produced locally [46]. Notwithstanding, olive
kernel production coincides with the heating consump-
tion period. erefore, this match between supply and
demand could be beneficial to reduce the cost due to
seasonality.

However, certain disadvantages tied to biomass renew-
able fuels and benefits of using diesel must be consid-
ered. It was pointed out that refined diesel boilers have
lower particulate matter emissions—CO and NO,—than
biomass boilers with reduced e ciency, which was espe-
cially relevant in public buildings used by people sensi-
tive to pollution [47]. Biomass had to meet quality and
traceability standards to ensure that they did not become
a source of large-scale pollution and therefore generate a
severe impact on people with respiratory and cardiovas-
cular conditions. e problems arising from particulate
matter emissions in large biomass boilers could be solved
by including electrostatic precipitators for cleaning and
filtering the fuel gas, requiring a considerable amount of
space for treatment that may not be foreseen in the pro-
ject and an eventual cost increase [48].

Fire risk in biomass boilers enclosures was relatively
high compared to oil-fired installations [49]. A special
fire risk must be considered in these installations, as the
backfire in the screw conveyor, which connects the boiler
and the silo, can be catastrophic. For this reason, these
installations incorporate a flap in the biomass boiler
to prevent flame flashback [50]. is was mainly due to
accumulation of fuel in silos, large volume, and flamma-
bility. In order to mitigate the e ects of an eventual fire,
it was desirable to strictly store the necessary amount of
fuel in a short period of time and perform a periodic and
continuous fuel supply [51].  is could result in a conflict
with the inherent seasonality of agro-industrial waste
that could be exploited as biomass.

One of the main di culties in undertaking the technol-
ogy change is the need to carry out additional works to
adapt current facilities to biomass requirements. Addi-
tional works, which were foreseen in the initial invest-
ment, consisted of building biomass accumulation silos
and equipment to supply fuel, such as screw convey-
ors. Depending on the building characteristics, the lack
of space, lack of conditioning of the boiler room or the
obstacle presence could make the initial investment more
expensive [52, 53], which would result in a lower profit-
ability of the operation.
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Although the results of this work cannot be directly
compared with other studies evaluating the replacement
of oil-fired boilers by biomass-fired boilers, the findings
are similar to other studies carried out for residential
buildings in Spain [11] and even for case studies in Chile
[54] and Canada [55]. Nevertheless, users were generally
willing to switch to biomass boilers even though there
were some problems arising from the variance in ash
content, fuel moisture or CO emissions, which are espe-
cially high if the boiler maintenance is poor [56]. ese
drawbacks have also been reported in research that has
addressed this issue [57].

Apart from investing in thermal equipment replace-
ment, other options regarding reducing environmen-
tal impact were improving insulation, optimizing, and
adjusting equipment scheduling according to environ-
mental conditions, as well as encouraging a fair use of
thermal equipment within the education community. In
this line, a methodology was described to identify energy
consumption patterns in large buildings and determine
optimal insulation and dimensional ratios [58].

e environmental impact of biomass for energy pur-
poses has been widely explored [59], pointing out that
using forest waste to compensate for carbon loss associ-
ated with the extraction processes is an interesting for-
estry management option from an environmental and
economic point of view [60]. Additionally, olive kernel
and milled nutshell revalorization and introduction as an
input in biomass supply chain had a very positive impact
regarding circular economy [61]. e region where the
study has been carried out outstood in agroindustry, and
these fuels could be produced close to the consumption
points [62]. Biomass boilers were chosen in order to reuse
agricultural waste, which is abundant in the study area
[42], in addition to meeting heating energy demands with
a reduced carbon footprint [63]. ese measures could
help to meet the energy demands in educational build-
ings, enhance the agroindustry network, take advantage
of the waste, and improve profitability.

e widespread use of biomass fuel on a large scale
could lead to an increase in demand, and thus to higher
biofuel prices. However, the low current use of biomass
for thermal use in the region analysed is an indicator that
prices are not expected to increase in the medium term
[42]. Future work should aim at monitoring the evolu-
tion of the use and price of these fuels for medium-term
simulations using the Monte Carlo method under new
boundary conditions.

Because the boundary conditions are determined
by the availability of data, the study is limited, future
lines of research can be directed towards the possi-
bility of hybridization of biomass with other renew-
able energies. For example, photovoltaic panels can be
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considered as an auxiliary supply for pressure equip-
ment, solar thermal as a backup for DHW, or lithium-
ion batteries for storing surplus electricity production.

Other future lines of work should be aimed at mini-
mizing consumption profiles in schools and other
educational buildings, as well as their environmental
impact. New fuels beyond bulk pellets, wood chip, olive
kernel and milled nutshell such as non-solid biofuels
(biogas or biodiesel), alternative fuels (algae or Nym-
phaeaceae) should be explored.

Conclusions

It was proved that agroindustry waste such as olive
kernel and milled nutshell could be seen as a reliable
alternative regarding the biomass boiler procurement
chain of educational buildings. In a 10-year timespan,
it was observed through simulations that a 27,151.09
€ NPV could be achieved by using nutshell, consider-
ing the standard deviation as 7939.88 €. e estimation
on IRR was 16.9% for milled nutshell. Other biomass
alternatives showed profitable results. Using wood
chip, a 22,204.55 € NPV could be achieved in the same
10-year timespan, with a standard deviation of 7406.49
€. Its main advantages against other biomass fuels were
the continuous procurement, the reduction in storage
requirements and their homogeneous chemical proper-
ties, in contrast with milled nutshell.

It was observed that aggregate costs associated with
maintaining diesel boilers operation was higher than
any other alternative investments.  ese investments
showed a higher order cumulative cash flow compared
to the initial investment, which could be amortized
over a 4—6 year period, depending on the biomass fuel.
From those results, energy savings of 4.03% could be
achieved, and CO, emissions could be cut out by 94.4%.

In this line, it was observed that a multi-fuel boiler is
an interesting solution regarding not only profitability,
but also seasonality. e consumption profile could be
characterized with wood chip as a basis and milled nut-
shell in favourable seasons, although if supply was not
possible, olive kernel would be an interesting option
depending on the area and the seasonality stage.

is research contributes theoretically by establish-
ing a robust methodological framework for analysing
the economic viability of renewable energy investments
in the context of high uncertainty of fuel price devel-
opments. Furthermore, its practical contributions pro-
mote sustainability in public buildings and rea rm
the cost-e ectiveness of investments to reduce GHG
emissions.
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