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Highlights 

 Biomass supply to CHP plant avoids CO2 emissions generated by final disposal. 

 Pruning residues are identified as the first supply option to minimize carbon footprint. 

 Olive pomace is identified as the first supply option to minimize costs. 

 Transport is not a major cost up to a supply radius of 30 km. 

 Seasonality can be compensated with additional supply of forest biomass. 
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ABSTRACT: This research analyses and proposes an optimization model for the supply of 19 

biomass to a small-scale CHP system with a supply of different biomasses at a local level under 20 

Mediterranean conditions. The research aims to quantitatively assess whether it is economical and 21 

environmentally beneficial to transport various types of biomasses to the CHP plant, instead of 22 

landfilling, determining the biomass required according to the availability of power generation for 23 

each biomass of agricultural and agro-industrial origin. To do this, a representative case study has 24 

been developed in the Maule Region (Chile) to supply power and heat to the public, private, and 25 

residential buildings. The main biomasses analyzed are olive pomace, fruit pits (cherries, peaches, 26 

plums) and vineyard pruning. The results demonstrate that the supply of residual biomass to the 27 

CHP plant avoids the emission of CO2e generated by final disposal (landfilling or burning). 28 

Manuscript Click here to view linked References

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

https://www.editorialmanager.com/apen/viewRCResults.aspx?pdf=1&docID=137471&rev=0&fileID=2634411&msid=e2f03ca9-1764-429f-8e60-c32f22d1bfa3
https://www.editorialmanager.com/apen/viewRCResults.aspx?pdf=1&docID=137471&rev=0&fileID=2634411&msid=e2f03ca9-1764-429f-8e60-c32f22d1bfa3


Regarding the minimization of CO2e emissions, pruning residues are identified as the first supply 29 

option, due to their high calorific value. Regarding cost minimization, olive pomace is identified 30 

as the first option, followed by fruit pits and pruning material. Furthermore, transport is not a major 31 

contributing cost or environmental factor when biomass sources are close to the CHP system, up 32 

to a maximum supply radius of 30 km. Finally, despite seasonality of agricultural biomass supply 33 

under Mediterranean conditions, it is feasible to adequately supply a small-scale CHP plant. 34 

However, this increases the storage costs involved. Other lignocellulosic biomasses (e.g. forest 35 

residues) could be used to optimize costs and environmental benefits.  36 

 37 
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1. INTRODUCTION 41 

One of the priorities for sustainable development is an efficient use of the available resources with 42 

the development of circular bioeconomy being fundamental for this (EU Commission, 2015). 43 

Bioeconomy utilizes the bio-based renewable resources to produce energy, products, and materials 44 

in all possible economic sectors  [1]. Therefore, this concept is a key factor for establishing and 45 

maintaining a circular economy with a constant supply of renewable energy, materials, and 46 

feedstocks [1,2]. The circular economy approach emphasizes reuse, remanufacturing, 47 

refurbishment, repair, as well as solar, wind, biomass and waste-derived energy utilization 48 

throughout the product value chain and cradle-to-cradle life cycle [3]. In this context, biomass is 49 

considered as a significant resource for the emerging low carbon and circular bioeconomy [4,5]. 50 

The Mediterranean agroindustry sector across the world (Southern Europe, Chile, California, South 51 

Africa and Australia) provides a wide source of biomass resources, due to different fruit 52 

plantations, such as vineyards, blueberries, apples, sweet cherry, hazelnut, olive trees, walnut trees, 53 

among others. As both the waste generated after cultural treatments [6] and industrial 54 

transformations [7–11] constitute an important source of agro-industrial waste that can be 55 

valorized, contributing to a social, economic, and environmental improvement for the entire 56 

community. In this way, avoiding burning the pruning residues and considering them as resources 57 

with an economic value may involve agro-industrial decision-makers to apply a circular 58 

bioeconomy model. Besides, the risks of fires or pests is reduced in the natural environment [12]. 59 

In this sense, not only pruning waste, but also cherry pits, olive and vine pomace, hazelnut shells 60 

and walnuts, among others, can be used for energy purposes, and their consumption as energy 61 

sources may reduce CO2 emissions [7,9,13]. In this way, by concentrating on alternative low-62 

carbon energy sources, communities and businesses can reduce their dependence on fossil fuels. 63 

Therefore, a better understanding of the connection between different flows of biomass at different 64 
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spatial scales and energy demand is needed for an effective transition towards a circular 65 

bioeconomy [14]. 66 

As a general characteristic, biomass is a resource dispersed throughout the territory and on 67 

many occasions, it has no known use [15,16]. This dispersion entails not only different direct 68 

economic costs, which refers to the proximity to the center of consumption of one or another source 69 

of resources [17], but also different levels of CO2 emissions. Otherwise, regardless of the distance 70 

to the consumption center from the place of waste generation, the biomass can be more profitable 71 

due to the energy characteristics it has compared to other waste, located at a shorter distance [18]. 72 

Therefore, the high cost of biomass logistics represents one of the barriers in their widespread use 73 

for energy production [19]. To face this issue, different optimization models have been proposed 74 

considering different biomass characteristics such as seasonal availability, sparse spatial 75 

distribution, and energy quality variations. The incorporation of all these aspects in the 76 

optimization models makes them differ significantly in logistics planning [19,20]. Traditionally, 77 

the optimization models proposed for biomass logistics focused on total supply chain cost 78 

reduction, which included localization, biomass harvest, transport, and storage [21]. Therefore, 79 

some research objectives are: to select the most efficient supply chain configuration, to optimize 80 

sizing of supply chain components to minimize cost, or to optimize scheduling of supply chain 81 

operations [22]. However, optimization models can be differentiated according to the number of 82 

objective functions considered (single objective or multiple objectives). In this sense, the inclusion 83 

of environmental concerns related to emissions from logistics activities received limited attention 84 

[19,23]. Some studies that consider both economic and environmental objectives (i.e, multi-85 

objective optimization) can be [24], which consider the total profit, fossil energy input, and CO2 86 

emissions for biofuel supply chain. [25] maximize net present value and minimize greenhouse gas 87 

(GHG) emissions for pyrolysis processes. [26] minimizes supply chain costs and GHG emissions 88 
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for the location, capacity, and technology decisions to find the optimal combination of bioenergy 89 

systems. [27] maximize job creation, net present value and GHG emissions saving potential of a 90 

forest-based biorefinery supply chain. [28] minimize the total costs, CO2 emissions and social 91 

impacts of delivering biofuels. [29] maximize economic, environmental, and social performance 92 

of the bioethanol supply chain. [30] consider carbon-pricing policies to obtain the tradeoff between 93 

cost and emissions of biomass supply chain models. [31] maximize the profit and minimize the 94 

total distance between poultry farms and biogas facilities. In the literature, optimization biomass 95 

supply studies are mainly focused on conversion process such as gasification, combustion, biofuel 96 

production, pyrolysis, pelletisation, and few of them concentrate on conversion processes for the 97 

combination of heat and power [32]. 98 

Cogeneration systems (CHP), which combine heat and electricity, constitute today a 99 

technological alternative to take advantage of these agro-industrial wastes with different 100 

characteristics in a circular bioeconomy system. In this way, it is possible to obtain electrical and 101 

heating energy efficiently from a single system for the community, residential complex, public 102 

buildings, or industries [33–35] in a distributed system (DH). Nevertheless, several environmental 103 

and technical barriers must be overcome to develop these integral projects under Mediterranean 104 

agroforestry conditions. Particularly, ensuring sustained feedstock supply is critical for the viable 105 

commissioning of a CHP plant [36].  106 

Therefore, the main aim of this paper is to propose an optimization model for the supply of 107 

combustible material to a small-scale CHP system (1 MW electric and 3 MW thermal energy) with 108 

a supply of different agro-industrial biomass at the local level under Mediterranean conditions. 109 

This research aims to quantitatively assess whether it is environmentally and economically 110 

beneficial to transport various types of biomass to the CHP plant, instead of disposed of as is 111 

traditionally done. In this way, the variety of biomass required is determined according to the 112 
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availability of power generation for each type of biomass of agricultural as well as agro-industrial 113 

origin. The research results should serve as a basis for the development of bioenergy CHP system 114 

projects in rural communities or regions that base their economy under agro-industrial activities 115 

with a Mediterranean climate. 116 

The remainder of the paper is structured as follows: Section 2 presents the materials and 117 

method with the description of biomass supply to small-scale CHP system, biomass identification 118 

and its analysis, and the optimization model. Section 3 presents the results obtained and discusses 119 

the main findings, while the final section contains the most important conclusions of this study. 120 

 121 
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2. MATERIALS AND METHODS 123 

 124 

2.1. Biomass supply to small-scale CHP systems 125 

This paper focuses on designing a tactical strategy for an optimized supply of multiple type of 126 

biomass for energy production in a CHP plant considering sustainability aspects. To supply 127 

feedstock to the CHP system, residues produced by agricultural and agroindustry activities are 128 

considered. Food and agro-industries generate waste residues in huge volume, and it has been a 129 

matter of concern for environmental pollution [37]. Agricultural residues can be categorized into 130 

field residues and process residues. The first ones are those, which are left behind in the field after 131 

harvest, and correspond mostly to stems, stalks, dry leaves, and seed pods of the crops. The high 132 

volume of field residue, unless managed properly, can cause environmental impact and problems 133 

for next cropping practices [38]. The second ones refer to residues after processing valuable 134 

resources. For instance, in the process of making rice from paddy, husk comes out as residue [39]. 135 

This agroindustry also generates a great number of organic residues that can be obtained from 136 

different food processing industries such as juice, meat, confectionery, dairy, and brewery. 137 

Residues that can be obtained are fruit peels, fruit pomace, oil cakes, and whey, among others[40]. 138 

These residues are generated according to each seasonal production, and traditionally are disposed 139 

(agroindustry) or burned (agriculture) [41]. 140 

 141 

A CHP system can use these residues to provide electricity and heating energy to a local 142 

community, but first it is necessary to evaluate some difficulties, such as how much time is feasible 143 

to store these residues, from what sources it is possible to obtain the amount required, how much 144 

of biomass can be obtained from each source, or when these resources can be obtained, since each 145 

biomass depends on their productive season. These are the questions that this research tries to 146 
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answer. Therefore, a CHP system is modelled that is supplied by different sources of biomass 147 

considering two scenarios. The first one considers the use of biomass to supply a CHP system to 148 

provide energy to public buildings, while the second one considers traditional final disposition 149 

biomass, send them to a landfill or burned them as it is represented in Figure 1.  150 

 151 

 152 

Figure 1. Proposed system for the CHP system supply 153 

 154 

2.2. Case study  155 

The pilot area to model this system is located in Zona Centro Sur de Chile, specifically in the Maule 156 

Region, which is a representative region with agriculture, agroindustry and forestry under 157 

Mediterranean conditions. The CHP system must supply power and heat to the public, private, and 158 

residential buildings in the area known as Romeral (15,187 inhabitants). 159 

 160 

2.3. Biomass identification and sampling in the study areas 161 

Although there is no developed market to use agricultural waste for energy purposes in the 162 

Mediterranean regions of Chile, it should be noted that in the pilot area, there are several 163 
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agricultural companies, identified as potential suppliers of their waste to the CHP system from 164 

different communes in the region, which are shown in the following map in Figure 2.  165 

 166 

 167 

Figure 2. Agro-industrial sources under study (red: olive pomace, green: fruit pits, orange: 168 

pruning) 169 

 170 

Each company, within the study area, was consulted on the amount (t) of waste generated annually. 171 

The most abundant wastes from the companies consulted are fruit pits with an availability of 70,000 172 

t year-1. Olive pomace is found in much less quantity with 1,400 t year-1, and 1,320 t year-1  of vine 173 

pruning waste in the companies involved. Table 1 presents the amount obtained from this biomass 174 

in each season, the seasonality, and calorific value of each one. 175 
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Table 1. Description of waste from agro-industrial sector in the Maule region. 180 

Residue 

 

Biomass 

sources 

location 

(Fig. 2) 

Feedstock 

 

Higher Calorific 

Value (average) 

(MJ kg-1) 

Lower Calorific 

Value (average) 

(MJ kg-1) 

Distance  

(km) 
Seasonality 

Amount 

(t year-1) 

Olive 

pomace 

 

1 

Olive 22.6 19.8 

19.9 

May-June 

300 

2 62.4 600 

3 14.9 500 

Fruit pits  

4  

Cherries, 

peaches, 

plums 

18.1 17.9 

6.5 

December-

May 

12,000 

5  5.9 9,000 

6  9.6 12,000 

7  0.3 14,000 

8  5.3 14,000 

9  5.2 9,000 

Pruning 

10  
 

Vineyards 
17.8 18.8 

12.5 
May - 

August 

150 

11  31.5 70 

12  17.6 1,100 

 181 

 182 
Sampling for energy analysis in the laboratory varied according to the type of waste. In this way, 183 

in the case of pruning fruit trees, samples were taken randomly from the pruning that are collected 184 

at the edge of the path in each corridor. 185 

a) Fruit pits: using a mechanical system, the waste is deposited directly into a tow truck that 186 

is pulled by a 100 hp tractor. Subsequently, the waste is collected in the sector of the 187 

agricultural property closest to the road where it will be removed by a 20-ton 150-hp truck. 188 

The truck will be loaded with the waste using an 80 hp machine with a mechanical shovel. 189 

From here, 30 kg per type of fruit pits are sampled for transfer to the laboratory. 190 

b) Olive pomace: From the outlet of the mill through a 10-inch diameter tube fed with an 191 

endless screw system, it will be directly deposited into a 20-ton 150-hp truck. From here, 192 

30 kg per type of fruit pits are sampled for transfer to the laboratory. 193 

c) Pruning: Pruning waste is accumulated on the roadside for removal and/or crushing. From 194 

here, samples of woody material of 30 kg were collected to be examined in the laboratory. 195 

 196 
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2.4. Waste material analysis  197 

The residues were characterized to establish their capacity as solid biofuel. The energy 198 

characterization was determined in dry matter at 0% humidity. It is intended to know the density, 199 

the calorific value and ash percentage. 200 

 201 

a) Sampling and preparing of waste material. 202 

To determine the quality of the waste material (olive pomace, fruit pits and pruning), one kg of 203 

each residue collected was extracted in triplicate using a 250 cm-2 dredger sediment sampler (Van 204 

Veen, 12.110 model, Sidmar) in the laboratory. While in the case of fruit trees pruning, three 205 

samples of 3 kg per species were extracted in polyethylene bags and analyzed [9]. It should be 206 

noted that the newly extracted samples were taken directly to the laboratory for analysis, so they 207 

had not achieved their natural drying. Consequently, it was necessary to dry them, considering that 208 

when the wood has water, its calorific value is reduced, firstly by the water content itself and 209 

secondly because part of the wood's heat energy is invested in evaporating water [42]. In order to 210 

carry out the following tests, it was necessary to transform the samples into sawdust or fragments 211 

<5 mm. In the case of samples with diameters <7.0 cm, a portable Garland crusher model BGS 212 

2400 was used. After being crushed, the material was fragmented into smaller parts in an IKA-213 

Werke model M20 mill, obtaining sawdust. In branches with diameters ≥ 7,0 cm, once the chips 214 

were obtained (5 cm maximum length), they were left to dry for 2 days, to be placed into an 215 

Oliotechnology hammer model ETCR110 11 kW crushers/refiner, obtaining sawdust (0.5 mm - 5 216 

mm). 217 

Each sample was analyzed in triplicate and the methods used in the analysis were 218 

standardized according to Deutsches Institut für Normung (DIN) and AOAC INTERNATIONAL 219 

(AOAC INTERNATIONAL, 2016). Whose procedures are oven method - AOAC 945.15 for 220 
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moisture content, muffle method – AOAC 940.26 for ashes, and Norm DIN Serie 51.900 for higher 221 

heating value. These processes are already described in [9].  222 

 223 

b) Bulk density determination 224 

Following EN 15103, bulk density has been determined.  The sample was greater than 1 g, weighed 225 

on an empty container resistant to deformation to prevent any variation in form and volume. Its 226 

capacity is 5 l (0.005 m3). The container was filled pouring the sample from a height of 200-300 227 

mm above the superior border until it formed a cone of the maximum height possible. The material 228 

was shaken until it settled and then filled once again until it reached the final volume of exactly 5 229 

l, weighing the container with the sample on a precision scale (0.0001 g). The procedure was 230 

replicated, and the sample’s moisture content determined according to the norms 14774-1 and 231 

14774-2 immediately after the bulk density was determined. The calculation form is presented in 232 

Eq. (1): 233 

BDar (a Mar)=
m2-m1

V
                   (1) 234 

Where: 235 

m1 is the mass, in kilograms, of the sample;   236 

m2 is the mass, in kilograms, of the container and the sample;  237 

V volume of the container in m3. 238 

 239 

 240 

 241 
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c) Energetic value (HHV) 243 

The method applied was based on Norm DIN 51.900, in which a Cal2k calorimeter (Eco + lab 244 

model) was used. The samples were analyzed in triplicate, taking one gram of homogeneous sample 245 

for each case. 246 

 247 

d) Ash content 248 

The method applied to determine ash was AOAC 940.26, where a Vulcan brand muffle (model 249 

1000) was used. The samples were analyzed in triplicate taking one gram of homogeneous sample 250 

for each case. 251 

 252 

2.5. Biomass demand of a small-scale CHP plant 253 

The CHP system designed to meet energy demand, has an installed capacity of 1 MWe and 3 MWth 254 

with a 24-hour operation, with April until October (winter months) as the months of greatest 255 

demand. The energy supply is constant, except for plant maintenance. The criteria for estimating 256 

fuel demand are as follows: i) heating season starts on April 15 and lasts until November 15 and 257 

ii) the energy characteristics of the waste (MJ kg-1) and its availability (t). 258 

The calculation of agroforestry biomass (olive pomace, fruit pits and fruit pruning) necessary 259 

to supply the 1 MWe plant, under the necessary power of the referential boiler of 2760 [kW] and 260 

the plant's efficiency being 90%, has been determined based on Eq. (2): 261 

 262 

𝐵𝑖𝑜𝑚𝑎𝑠𝑠 [
𝑘𝑔

𝑦𝑟
] =

𝑆𝑡𝑒𝑎𝑚 𝑝𝑜𝑤𝑒𝑟 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 [𝑘𝑊]

𝑃𝐶𝐼 [
𝐾𝑔
ℎ𝑟 ]

          (2)   263 

 264 

The calculation of agroforestry biomass (olive pomace, fruit pits and fruit pruning) necessary to 265 

supply the 1 MWe plant has been determined based on the following calculation: 266 
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 267 

𝑃𝐶𝐼 𝑜𝑙𝑖𝑣𝑒 𝑝𝑜𝑚𝑎𝑐𝑒 [
𝑀𝐽

𝑘𝑔
] = 19.8 268 

𝑃𝐶𝐼 𝑓𝑟𝑢𝑖𝑡 𝑠𝑝𝑖𝑡𝑠 [
𝑀𝐽

𝑘𝑔
] =  18.7 269 

𝑃𝐶𝐼 𝑝𝑟𝑢𝑛𝑖𝑛𝑔 [
𝑀𝐽

𝑘𝑔
] = 16.8 270 

 271 

𝑁𝑒𝑐𝑒𝑠𝑠𝑎𝑟𝑦 𝑝𝑜𝑤𝑒𝑟 = 2762 [𝑘𝑊]𝑥 860 [
𝑘𝑐𝑎𝑙

𝑘𝑔
] 𝑥 4,1855 [𝐾𝑗] = 9,941,901.86 [

𝑘𝐽

𝑘𝑔
] 272 

 273 
Knowing that the operating time of the boiler will be 24 hours for 8 months: 274 

 275 

𝑂𝑙𝑖𝑣𝑒 𝑝𝑜𝑚𝑎𝑐𝑒   [
𝑘𝑔

ℎ𝑟
] =  

9,941,901.86 [
𝑘𝐽

𝑘𝑔 
]

19830 [
𝑘𝐽
𝑘𝑔

]
= 501.36

𝑘𝑔

ℎ𝑟
𝑥 24 ℎ𝑟 𝑥 30 𝑑𝑎𝑦𝑠 𝑥 8 𝑚𝑜𝑛𝑡ℎ𝑠 = 2887 

𝑡

𝑦𝑒𝑎𝑟
 276 

 277 

𝐹𝑟𝑢𝑖𝑡 𝑠𝑝𝑖𝑡  [
𝑘𝑔

ℎ𝑟
] =  

9,941,901.86 [
𝑘𝐽

𝑘𝑔 
]

17900 [
𝑘𝐽
𝑘𝑔

]
= 555.41

𝐾𝑔

ℎ𝑟
𝑥 24 ℎ𝑟 𝑥 30 𝑑𝑎𝑦𝑠 𝑥 8 𝑚𝑜𝑛𝑡ℎ𝑠 = 3199 

𝑡

𝑦𝑒𝑎𝑟
 278 

 279 

𝑃𝑟𝑢𝑛𝑖𝑛𝑔  [
𝑘𝑔

ℎ𝑟
] =  

9,941,901.86 [
𝑘𝐽

𝑘𝑔 
]

16800 [
𝑘𝐽
𝑘𝑔

]
= 591.78

𝐾𝑔

ℎ𝑟
𝑥 24 ℎ𝑟 𝑥 30 𝑑𝑎𝑦𝑠 𝑥 8 𝑚𝑜𝑛𝑡ℎ𝑠 = 3408 

𝑡

𝑦𝑒𝑎𝑟
 280 

 281 

In this way, to cover the demand for raw material, between 2,887 and 3,408 t year-1 are needed. 282 

Which will vary depending on the energy capacity, cost per ton, availability of each type of 283 

biomass, among other variables that will be analyzed in this study. 284 

 285 

2.6. Economic and CO2e emissions parameters  286 

Given the geographical and logistic characteristics of Chile, road truck is the main alternative for 287 

load movements, since load trains is not fully available in this country, and air transport is focused 288 

on international markets.  289 

i. CO2e emissions: emission factors for transport and final disposition at landfill are obtained 290 

through Simapro software v9.1.0.8. with ecoinvent v3.6 database. Regarding pruning 291 
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burning emission, it takes into account factors emission from the IPCC guide, considering 292 

non-CO2 emissions from fire, since biogenic CO2 emissions are regarded as contemplate 293 

neutral [43] . 294 

 295 

ii. Economic costs: 296 

 Storage cost: For this item, a cost value of 7.4 USD t-1 is considered, an average value 297 

of warehouse rental according to the physical space used. 298 

 Transport cost: Biomass is transported by trucks of 4.5, 12.5 and 18.8 tons, with a cost 299 

of USD 0.04 tkm-1, according to the available offer of local transport companies. 300 

 Purchase cost: A value of 2.58 USD t-1 is considered according to values reported by 301 

local companies. 302 

 303 

2.7. Bi-objective optimization model and scenarios analysis  304 

In this research, a mixed integer linear programming model is developed, which considers 305 

economic and environmental aspects by a bi-objective approach. The model aims to design the 306 

biomass supply to CHP plant by making decisions corresponding to; (1) inventory and distribution 307 

planning to meet the energy demand of a particular area, (2) selection of the type of biomass 308 

according to their calorific value and season availability, (3) selection of the biomass source from 309 

which the biomass will be purchased. The bi-objective model determines the optimal supply 310 

configuration considering the tradeoffs between economic costs and CO2e emissions. In this 311 

context, two possible scenarios are analyzed: 312 

 313 
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 Scenario 1: the source stores the residue from one period for the next moment when the 314 

vehicle removes the biomass. While the amount of biomass that is not acquired is burned 315 

(pruning) or sent to the landfill (fruit pits and olive pomace). 316 

 Scenario 2: the supplying source does not store the biomass in the collection period. 317 

Therefore, it is burned (pruning residues) or sends the residues (fruit pits and olive pomace) 318 

to the landfill not removed. 319 

  320 

 The model includes environmental and economic objectives, these are: (1) minimization of 321 

total costs and (2) minimization of CO2e emissions. The economic objective minimizes the total 322 

costs of the collection system, which includes the purchase, transport and storage of biomass. The 323 

environmental objective is related to transportation and biomass final disposition, such as burning 324 

pruning or disposing in landfill. This trade-off approach is necessary because although biomass is 325 

considered a renewable energy source, the amount of fossil fuel consumed for its logistics can 326 

offset the reduction in emissions from the use of biomass in conversion facilities [19,44]. The 327 

notations of the parameters and variables of mathematical formulations are presented in Table 2. 328 

 329 
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Table 2. Notations of mathematical formulations 345 

Item Symbol Description Unit 

Sets 𝑁 Biomass source - 

 𝐾 Vehicles - 

 𝑅 Types of biomass - 

 𝑇 Time period - 

 𝐹𝑟 Sources that generate the type of biomass r  - 

Parameters 𝑝 Vehicle load capacity t 

 𝑜𝑟𝑖𝑡 Amount of type biomass r generated in source i in period t t 

 𝑚𝑡 Demand for the CHP plant in period t kWh 

 𝑑𝑖 Distance to the point i km 

 𝑞 Maximum storage capacity at the CHP plant t 

 𝑒𝑟 Calorific value of type biomass r kWh 

 𝑐𝑡 Transportation cost per quantity of biomass from source to CHP plant USD tkm-1 

 𝑐𝑎𝑟 Storage cost per amount of biomass in CHP plant USD t-1 

 𝑐𝑣𝑟 Purchase cost of biomass USD t-1 

 𝑒𝑚𝑡 Emission factor by transport kg CO2 tkm-1 

 𝑒𝑚𝑝𝑟 Emission factor for end-life disposition type according to biomass type r kg CO2 t-1 

 𝑆𝑆𝑡 Safety stock at CHP plant in period t t 

 𝑧𝑟𝑖𝑡 Amount of biomass type r that is collected in source i in period t t 

Variables 𝑙𝑟𝑡 Amount of biomass type r that is stored in the CHP plant at the end of period t t 

 𝑙𝑙𝑖𝑟𝑡 Amount of biomass type r that is stored in source i at the end of period t t 

 𝑞𝑒𝑚𝑟𝑡 Amount of biomass type r consumed in the CHP plant in period t t 

 𝑣𝑖𝑡 ∈ {0,1}  𝑣𝑖𝑡 = 1 if the source i is visited in period t - 

 346 

a) Objective functions  347 

min 𝑧1 =  ∑ ∑ ∑ 𝑐𝑣𝑟𝑧𝑟𝑖𝑡

𝑡∈𝑇𝑖∈𝐹𝑟𝑟∈𝑅

+ ∑ ∑ 𝑐𝑡𝑑𝑖𝑣𝑖𝑡

𝑖∈𝐶𝑡∈𝑇

+ ∑ ∑ 𝑐𝑎𝑟𝑙𝑟𝑡

𝑡∈𝑇𝑟∈𝑅

                                                 (3) 348 

𝑚𝑖𝑛 𝑧2 = 𝑒𝑚𝑡 ∑ ∑ ∑ 𝑑𝑖𝑧𝑖𝑟𝑡

𝑖∈𝐹𝑟𝑟∈𝑅𝑡∈𝑇

+ ∑ 𝑒𝑚𝑝𝑟 (∑ ∑ 𝑜𝑖𝑟𝑡

𝑡∈𝑇𝑖∈𝐹𝑟

− ∑ ∑ 𝑧𝑖𝑟𝑡

𝑡∈𝑇𝑖∈𝐹𝑟

)

𝑟∈𝑅

+ 𝑒𝑚𝑡𝑣 ∑ ∑ 𝑑𝑣𝑖

𝑖∈𝐹𝑟𝑟∈𝑅

(∑ 𝑜𝑖𝑟𝑡

𝑡∈𝑇

− ∑ 𝑧𝑖𝑟𝑡

𝑡∈𝑇

)            (4) 349 

 350 

b) Restrictions for inventory depending on data sources 351 
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Restriction (5) limits the amount of biomass that can be obtained from each offering source i to the 352 

number of trips made to that source multiplied by the capacity of the truck. 353 

𝑧𝑖𝑟𝑡 ≤ 𝑝𝑣𝑖𝑟𝑡         𝑟 ∈ 𝑅, 𝑖 ∈ 𝐹𝑟 , 𝑡 ∈ 𝑇,                                                                    (5) 354 

Restriction (6) indicates the initial inventory accumulated in each source. 355 

𝑙𝑙𝑖𝑟0 =  𝑜𝑖𝑟0 − 𝑧𝑖𝑟0         𝑟 ∈ 𝑅, 𝑖 ∈ 𝐹𝑟 ,                                                                   (6) 356 

 357 

Constraint (7) indicates that the total biomass stored in the source i (𝑙𝑙𝑟𝑖𝑡) must be equal to the total 358 

biomass available at the location of origin i in the previous period (𝑙𝑙𝑟𝑖𝑡−1), plus the new amount 359 

of biomass produced at the source and less the biomass sent to the CHP plant. 360 

 361 

𝑙𝑙𝑖𝑟𝑡 = 𝑙𝑙𝑖𝑟𝑡−1 +  𝑜𝑖𝑟𝑡 − 𝑧𝑖𝑟𝑡,   𝑟 ∈ 𝑅, 𝑖 ∈ 𝐹𝑟 , 𝑡 ∈ 𝑇 − {0}                                     (7. 𝑎)   362 

𝑙𝑙𝑖𝑟𝑡 =  𝑜𝑖𝑟𝑡 − 𝑧𝑖𝑟𝑡, 𝑟 ∈ 𝑅, 𝑖 ∈ 𝐹𝑟 , 𝑡 ∈ 𝑇 − {0}                                                (7. 𝑏)   363 

 364 

Here the formulation is differentiated for the two possible scenarios: in the first one, the producer 365 

stores the biomass for the next period (7. 𝑎), while, in the second one, the producer burns or sends 366 

the biomass not removed during a period to the landfill (7. 𝑏).  367 

 368 

c) Restrictions in CHP plant 369 

In order to ensure that the volume stored in a CHP plant never exceeds the capacity of the plant, 370 

the restriction (8) is formulated. Capacity is defined as the sum of the biomass stored at the end of 371 

the period and the amount of biomass transported from sources during period t: 372 

𝑆𝑆𝑡 ≤ ∑ 𝑙𝑟𝑡

𝑟∈𝑅

≤ 𝑞        𝑡 ∈ 𝑇                                                                   (8) 373 
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 374 

In addition, restrictions must be expressed that guarantee that the demand of the CHP plant is 375 

satisfied. The demand of the CHP plant in period t is denoted by 𝑚𝑡. This demand is expressed in 376 

terms of energy (kWh), however, all products transported to the heating plant are expressed in units 377 

of mass. Therefore, it is necessary to introduce conversion factors from volume to energy (𝑒𝑟): 378 

∑ 𝑒𝑟𝑞𝑒𝑚𝑟𝑡

𝑟∈𝑅

= 𝑚𝑡            𝑡 ∈ 𝑇                                                              (9) 379 

Constraint (10) shows the initial inventory level at the CHP plant: 380 

𝑙𝑟0 = ∑ 𝑧𝑟𝑖0

𝑖∈𝑁

− 𝑞𝑒𝑚𝑟0               𝑟 ∈ 𝑅                                                  (10) 381 

Constraints (11) and (12) present the inventory level in the next period at the CHP plant: 382 

𝑙𝑟𝑡 = 𝑙𝑟𝑡−1 +  ∑ 𝑧𝑟𝑖𝑡

𝑖∈𝐹𝑅𝑖

− 𝑞𝑒𝑚𝑟𝑡             𝑟 ∈ 𝑅, 𝑡 ∈ 𝑇 − {0}             (11) 383 

𝑙𝑟,|𝑇|−1 = 𝑆𝑆|𝑇|−1                                                                                        (12) 384 

Finally, restrictions (13) and (14) impose the nature of the decision variables. 385 

 𝑧𝑟𝑖𝑡, 𝑙𝑟𝑡, 𝑙𝑙𝑟𝑖𝑡, 𝑞𝑒𝑚𝑟𝑡 ≥ 0           𝑟 ∈ 𝑅, 𝑖 ∈ 𝐹𝑟 , 𝑡 ∈ 𝑇                                            (13) 386 

 𝑣𝑖𝑡 , ∈ Ζ+, 𝑖 ∈ 𝐶, 𝑡 ∈ 𝑇.                                                                                              (14) 387 

Finally, it is important to highlight that the purpose of analyzing these two scenarios is quantifying 388 

the impact that a biomass supplier source does not store these resources for the next withdrawal 389 

period. A widely known approach to solve a multi-objective model is the 𝜀-constraint method [45]. 390 

This method generates a set of Pareto-optimal solutions showing the trade-offs among multiple 391 

criteria. Through this technique, the problem is reformulated as a single objective problem where 392 
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one of the objective functions (selected arbitrarily) is kept and the other objectives are considered 393 

as additional constraints restricted within user-specified 𝜀 scalar values (utopic and nadir value).  394 

 395 

3. RESULTS AND DISCUSSION 396 

In this section, firstly, the results about biomass characteristics and properties are presented. 397 

Secondly, the results obtained from the optimization model are presented and they will be discussed 398 

under a sensitivity analysis. 399 

3.1. Biomass characteristics and properties 400 

a) Bulk density and energetic value 401 

The results of each individual measurement are rounded to the nearest 0.1 kg m-3. The average 402 

value of the individual results was calculated rounding to the nearest 10 kg m-3. Table 3 establishes 403 

that these residues have important energy properties demonstrating their potential as raw materials 404 

to be used with these fines. 405 

Table 3: Results of the physical-chemical analyses for samples of olive pomace and pruning 406 

residues in initial conditions.  407 

Samples 

Moisture content (% 

wb)** 

Oven method - 

AOAC 945.15 

Higher heating value 

(MJ kg-1)* 

Norm DIN Serie 51.900 

Ashes (% wb)* 

Muffle method – AOAC 

940.26 

Olive pomace 77.70.11 22.30.06 3.20.12 

Pruning residues 18.90.29 17.80.45 2.10.11 

Fruit pits 16.540.12 19.30.21 2.920.4 

*Dry base; **wet base  408 

 409 

Humidity is one of the key physicochemical characteristics in the use of biomass as fuel. 410 

[46] has shown that particle size and moisture content reduce its HHV, combustion temperature 411 

and causes ignition difficulties and instability during the process. In addition, the moisture in the 412 
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biomass hinders homogeneous heating and leads to the overlapping of combustion stages and 413 

increased conversion time [47,48].   414 

 415 

It is important to mention that the values reported in Table 3 for HHV are higher than the 416 

quality standards ISO 17225-4 for chips and ISO 17225-6 for non-woody. Calorific values that 417 

correspond to ≥16.5 MJ kg-1 for domestic use and ≥14.5 MJ kg-1 for industrial use. Studies in solid 418 

waste from olive production by [9,49,50] present, on average, calorific values from 15.6 to 19.8 419 

MJ kg-1. In this sense, these results coincide with those obtained in the laboratory, which, on 420 

average, correspond to 22.3 MJ kg-1. In woody waste from pruning in vineyards, studies carried 421 

out by [6,51–53] Spinelli et al. (2012), obtained average values from 17.1 to 19.2 MJ kg-1. Results 422 

that coincide with those obtained in the laboratory, which, on average, correspond to 17.8 MJ kg-423 

1. Regarding fruit pits from the canning agroindustry, studies carried out by [54–56], obtained 424 

average values from 17.7 to 20.7 MJ kg-1 for different fruit pits. Results that coincide with those 425 

obtained in the laboratory, which, on average, correspond to 19.3 MJ kg-1. In this way, the energy 426 

suitability of the studied biomass is corroborated. However, in the case of olive pomace the HHV 427 

of 22.3 MJ kg-1 is achieved at 0% humidity. Therefore, a significant prior drying of the material is 428 

needed to obtain that value, and therefore an increase in costs, since its initial average moisture 429 

content is 77.7%. For the purposes of the study and to determine if the material is efficient under 430 

normal conditions for energy purposes, its calorific value was determined at 35% moisture content 431 

of the material. This percentage is achieved by natural drying in 30 days, which reduces the drying 432 

cost to the maximum [57]. Generally, CHP equipment, from this moisture content can have an 433 

optimal performance in power generation [58]. In this work, considering these technical and 434 

economic conditions, it has been possible to determine that the calorific value of olive pomace at 435 

35% is 19.23 MJ kg-1, coinciding with the values obtained by [51,58,59]. 436 
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 437 

b) Ash content 438 

Regarding ash, Table 3 shows that the values obtained for all the wastes studied are similar. In this 439 

way, olive pomace contains 3.2%, pruning fruits 2.1% and fruit pits 2.9%. [51–53,60] obtained 440 

average values ranging from 2.4% to 5.3% in woody waste from vine pruning, which are relatively 441 

higher values than those obtained in this research. This may be because the samples collected are 442 

not uniform in climate, time of year, type of soil, part of the plant and the presence of additional 443 

contaminants like sand that contributes to increase the ash content [61,62]. Regarding fruit pits, 444 

studies carried out by [54–56,63] obtained average values of 1.0 to 5.6% for different fruit pit. 445 

Results that coincide with those obtained in the laboratory, in which a range of 2.1 to 3.2% was 446 

obtained. These results are within the values indicated by the ISO 18122 standard as optimal to be 447 

used for energy purposes. 448 

In order to avoid an increase in the percentage of ashes, it is recommended that the biomass 449 

delivered to the plant should meet the minimum requirements that guarantee adequate humidity, 450 

and equipment that allows the fuel supplied to be weighed [64]. Therefore, with the results 451 

obtained, it can be concluded that these residues can be perfectly used as an energy source, 452 

contributing to the development of a circular bioeconomy system. 453 

 454 

3.2. Sensitivity analysis 455 

To analyze the behavior of the results with respect to the desired objectives, a sensitivity analysis 456 

is carried out based on the variation of two parameters: vehicle capacity and energy demand. In 457 

this context, the capacities of 4.5 t, 12.5 t and 18.8 t are considered for transportation. While 0.5 458 
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MWe, 1 MWe, and 2 MWe are considered for energy demand. Consequently, there are nine cases 459 

for each evaluated scenario. In Table 4, the cases considered, and the notation used are presented. 460 

Table 4. Parameters for sensitivity analysis 461 
Vehicle 

capacity (t) 

Energy demand 

(MW) 

Scenario 1 

Notation 

Scenario 2 

Notation 

4.5 

0.5 S1 4.5 ton/ 0.5 MW S2 4.5 ton / 0.5 MW 

1 S1 4.5 ton / 1 MW S2 4.5 ton / 1 MW 

2 S1 4.5 / 2 MW S2 4.5 ton / 2 MW 

12.5 

0.5 S1 12.5 ton / 0.5 MW S2 12.5 ton / 0.5 MW 

1 S1 12.5 ton / 1 MW S2 12.5 ton / 1 MW 

2 S1 12.5 ton / 2 MW S2 12.5 ton / 2 MW 

18.8 

0.5 S1 18.8 ton / 0.5 MW S2 18.8 ton / 0.5 MW 

1 S1 18.8 ton / 1 MW S2 18.8 ton / 1 MW 

2 S1 18.8 ton / 2 MW S2 18.8 ton / 2 MW 

 462 

3.3. Optimization model results 463 

The bi-objective model was implemented in OPL software and solved using the commercial solver 464 

CPLEX 12.9. Results are exposed comparing the two scenarios analyzed, the first one, when 465 

biomass is not collected, it is stored in the source location for the next period. Otherwise, the second 466 

one, the rest of the biomass that is not used is burned (pruning residues) or it is sent to a landfill 467 

(fruit pits). Pareto optimal solutions are presented in Figure 3 according to the sensibility analysis 468 

presented in Table 4. These results show the trade-off between both objective functions. This is 469 

mainly since the biomass with the best ratio cost-calorific value is, in turn, the one with the worst 470 

ratio CO2e emission-calorific value. Therefore, there is a change in the composition of the biomass 471 

according to the objective that is the most important for the decision maker. 472 
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 473 
 474 

 475 
Figure 3. Pareto optimal solutions 476 

 477 

 Regarding the factors that contribute to CO2e emissions (Figure 4 and 5), it is identified 478 

that the factor that contributes the most is the transport of biomass to the landfill. Because the 479 

largest amount of available biomass is not used to supply the cogeneration system. On the other 480 

hand, the factor that contributes the least to CO2e emissions is the transport of biomass to the CHP 481 

system. Mainly because of the proximity to the supplying sources and the amount of biomass 482 

required to be transported. Therefore, from these results, it is observed that supply biomass for the 483 
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CHP system generates an environmental benefit compared to the traditional disposal of biomass. 484 

Finally, in relation to operating costs (Figure 6 and 7), if we focus on the first scenario, they are 485 

mainly made up of purchase costs, because of the closeness between the sources and the CHP plant, 486 

transporting a ton of biomass is cheaper than buying it. While storage costs remain relatively 487 

constant since the supplying sources store the biomass. Therefore, the cogeneration system operates 488 

with the minimum necessary stock. Regarding the second scenario, the storage cost predominates, 489 

based on the need for the CHP system to store the biomass during the months in which no source 490 

generates biomass supply. 491 

   492 

 493 
Figure 4. CO2e emissions for scenario one 494 

 495 
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 496 
Figure 5. CO2e emissions for scenario two 497 

 498 
 499 
 500 

 501 
Figure 6. Cost composition for scenario one 502 

 503 
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 505 
Figure 7. Cost composition for scenario two 506 

 507 

When comparing both scenarios, Scenario 2 presents a higher cost due to an increase in 508 

storage costs, since it is necessary to store the biomass in the CHP system in order in order to avoid 509 

a stockout in the months in which biomass is not generated. Regarding environmental impacts, in 510 

both scenarios a great contribution is observed in the use of transport. Due to a greater use of 511 

biomass since the CHP plant must use biomass with a lower calorific value. On the other hand, the 512 

management that can be carried out to reduce CO2e emissions is more limited, since the amount of 513 

waste to be transported is limited to the capacity of the CHP plant. 514 

By increasing the capacity of the vehicle, a decrease in costs is observed, because fewer 515 

trips are made. However, this decrease is not significant, because of the low percentage that 516 

transportation represents in total costs. With respect to environmental impacts, a decrease is 517 

observed due to the increase in the amount of pruning residues that is sent to the CHP system. 518 

Mainly due to greater profitability in the shipment of this biomass by increasing the capacity of the 519 
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vehicle. There is also a lower impact since fewer trips are made, and because the ratio of CO2e 520 

emissions per ton transported is lower in vehicles with higher capacity. 521 

As the demand for energy increases, it is observed that all costs rise, due to the increase in 522 

biomass that must be acquired to meet the energy demand. Therefore, an increase in CO2e 523 

emissions associated with the transport of biomass to the CHP system is obtained. However, this 524 

increase is offset by the decrease in disposal and consequently transportation to the landfill. In this 525 

sense, in an environmental approach, it is better to transport the biomass to the cogeneration system 526 

than to dispose of it. 527 

  Regarding the type of biomass needed to supply the CHP system (see Figure 8 and 9), it is 528 

observed that pruning is the most environmentally favorable biomass, but less economically 529 

advantageous due to its lower calorific value. While olive pomace is the most economically 530 

profitable, but environmentally, it is the least favorable. On the other hand, there is a preference 531 

for fruit pits as there is an increase in energy demand, given the low availability of pruning fruit in 532 

the study area. Regarding the sources offering biomass, it is identified that the system is supplied 533 

mainly from three sources: number 3 (olive pomace), 7 (fruit pits) and 12 (pruning fruit). In general, 534 

these sources generate the highest amount of biomass available and are located closer to the CHP 535 

plant. In this sense, the distance also varies depending on the desired objective. When the goal is 536 

to minimize economic costs, the maximum supply radius is 60 km. Since, as it is biomass dispersed 537 

in the territory and small-scale pieces, the cost of collection and transport begins to be higher [65]. 538 

While when CO2e emissions are minimized the maximum radius decreases to 30 km. In this way, 539 

a result like the distance proposed by [57] of 25 km in radius is obtained for the use of biomass for 540 

energy purposes. It is the maximum exploitation distance for a system with these characteristics 541 

[66,67]. 542 
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 543 
Figure 8. Type of waste consumed for case one 544 

 545 
 546 

 547 
Figure 9. Type of waste consumed for scenario two 548 

 549 
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4. CONCLUSIONS 550 

This paper proposes a bi-objective optimization model for different agro-industrial biomass 551 

supplies to a small-scale CHP system at a local level under Mediterranean conditions. The research 552 

aims to quantitatively assess environment and economic benefits of provide multiples types of 553 

biomass to the CHP plant, avoiding their traditional disposition. Thus, scenarios with different 554 

energy demands and transport capacities were analyzed to identify the best tactical decision for 555 

operating the CHP system. In this way, it is possible to conclude that the implementation of a CHP 556 

system generates environmental benefits. The supply of biomass to the CHP plant avoids the 557 

emission of CO2e generated by final disposal in a landfill or burning of this waste. In this sense, 558 

the minimization of CO2e emissions, by using a diverse variety of biomass, pruning residues are 559 

identified as the first option for the supply of the CHP system, due to their relationship between 560 

mass and calorific value. Fruit pits follow, when energy demand increases, and the availability of 561 

pruning and olive pomace residues ends. While when the cost minimization is desired, olive 562 

pomace is identified as the first option, followed by fruit pits and pruning material. 563 

On the other hand, transport is not a major contributing factor when biomass sources are 564 

close to the CHP system. However, as expected, since the distance increases, such as the case of 565 

transport from sources (fields and factories) to the landfill, CO2e emissions and carbon footprint 566 

increase considerably, given the high level of transported cargo. Therefore, under the conditions 567 

studied, a distance limit can be established in the supply of raw material to the CHP plant within a 568 

maximum radius of 30 km and an increase depending on the costs. 569 

Moreover, despite the seasonality in the availability of the different biomass available in 570 

the Mediterranean regions, both those from the field (pruning waste) and those from the factories 571 

(fruit bones or olive pomace), it is feasible to adequately supply the CHP plant. However, this 572 
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increases the storage costs involved. Therefore, it may be advisable to analyze other sources of 573 

lignocellulosic biomass to reduce these costs during the period of unavailability, for example 574 

biomass derived from forestry activities or silvicultural treatments (clearings to prevent bushfires, 575 

thinnings or feven inal cuttings) or residues from forest industries (bark, side-boards or sawdust).  576 

Finally, it is expected that these results should serve as a basis for decision-makers to 577 

develop bioenergy CHP systems projects in regions whose base their economy under agro-578 

industrial activities to provide environment and economic benefits for their communities. 579 
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