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ABSTRACT 24 

While there is a growing body of research investigating the technical feasibility and nutritional properties 25 

of insect based feeds (IBFs), thus far little attention has been devoted to gauge the economic implications 26 

of implementation. This study has investigated the economic performance of ex-ante modelled IBF 27 

production systems operating in the geographical context of West Africa. A Life Cycle Cost (LCC) analysis 28 

of recently published life cycle inventory (LCI) data served as a basis to analyse and compare the economic 29 

performances of IBF production systems using Musca domestica and Hermetia illucens reared on different 30 

substrates. To gauge the application potential of IBF in West Africa, estimated breakeven sale prices of 31 

IBFs were benchmarked against the customary market prices of conventional feeds. The results show that 32 

the economic performance of IBF production in West Africa is largely determined by the costs attributed 33 

to labour and the procurement of rearing substrates, attesting economic advantages to the production of M. 34 

domestica larvae by measure of breakeven price (1.28 – 1.74 EUR/ kg IBF) and LCC (1.72 – 1.99 EUR/ kg 35 

IBF). A comparison of the breakeven sale prices of IBF with market prices of conventional feeds suggest 36 

that IBF has potential to substitute imported fishmeal, but findings offer no support for conjectured 37 

economic advantages over plant based feeds.  38 

1. INTRODUCTION 39 
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The increasing demand for fish and livestock products spurs global food producing sectors and complicates 40 

efforts to implement the 2030 Agenda for Sustainable Development (Hunter et al., 2017; United Nations, 41 

2017). This is especially the case in economically disadvantaged regions where agricultural productivity is 42 

low and vulnerable to the effects of an ever-warming climate (Wheeler and von Braun, 2013). Future 43 

demand scenarios are expected to place further strain upon traditional food systems and thereby reinforcing 44 

malnutrition and environmental degradation However, the way changes in food demand manifest differs 45 

considerably between regions, depending upon agricultural characteristics and socioeconomic conditions 46 

(Godfray et al., 2010). Provided farmers in economically disadvantaged regions are able to capitalise on 47 

better sales opportunities, an increase in the demand of fish and livestock products might even help to 48 

improve food security and economic participation (Blanchard et al., 2017; Godber and Wall, 2014; Herrero 49 

and Thornton, 2013; Tscharntke et al., 2012; Wheeler and von Braun, 2013).  Especially aquaculture and 50 

aviculture, providing food reserves in case of crop failure and products of increasing demand, could play a 51 

key role in this respect (Blanchard et al., 2017; Godber and Wall, 2014; Vervoort et al., 2013). However, 52 

with imported and traditional feeds becoming increasingly sought after and cost-prohibitive, most small-53 

scale farming operations struggle to achieve necessary production increments, causing deficits in supply 54 

and sales opportunities for imports (Godber and Wall, 2014; Makkar and Ankers, 2014; Tscharntke et al., 55 

2012).  56 

Alternative feed sources that are locally grown and do not compete with demands for human consumption 57 

are considered a solution to these constraints (Adegoke and Abioye, 2016; Herrero et al., 2016; Makkar, 58 

2015; Naylor et al., 2009). Against this background, recent research has proposed the use of dipteran insects 59 

(fly larvae) as an alternative protein feed (Sánchez-Muros et al., 2014; Smetana et al., 2016; van Zanten et 60 

al., 2015). The larvae of fly species, such as housefly (Musca domestica) or black soldier fly (Hermetia 61 

illucens), are rich in proteins and fatty acids of high nutritional value (i.e., similar to fishmeal) and early 62 

studies have proven the technical feasibility for production at scale (Devic et al., 2017; Henry et al., 2015; 63 

Kenis et al., 2018, 2014; Koné et al., 2017; Salomone et al., 2017; Sánchez-Muros et al., 2016; Smetana et 64 

al., 2016; van Zanten et al., 2015). However, although there is a growing body of research describing the 65 

production and nutritional performance of insect based feed (hereafter called IBF), the potential economic 66 

performance of IBF and the competitiveness with conventional feeds remains barely investigated (Halloran 67 

et al., 2016; Kenis et al., 2018). Part of this lack in understanding can be attributed to the novelty of the 68 

concept. Most current production systems are still in the early stages of development, operating in 69 

experimental setups to enable research and engineering optimisation of rearing procedures. These pilot-70 

scale systems do not yet trade on success criteria, such as economy of scale effects, which complicates 71 

efforts to carry out an ex-ante evaluation of their economic feasibility (Kenis et al., 2018; Sánchez-Muros 72 

et al., 2016).  73 



To overcome this limitation and contribute to the bridging of knowledge gaps, this study builds upon 74 

research of Roffeis et al. (2017), who used experimental data from rearing trials in West Africa to formulate 75 

the design and Life Cycle Inventory (LCI) of different small-scale IBF production systems. Applying the 76 

Life Cycle Cost (LCC) methodology to the published LCI data, this study explores the economic 77 

performance of three small-scale production systems outlined below, operating in the conditions of tropical 78 

West Africa; 79 

(1) production of M. domestica larvae with chicken manure, inoculated through natural oviposition, i.e., 80 

attracting naturally occurring flies from the facilities’ surroundings (hereafter named IER_A); 81 

(2) production of M. domestica larvae with a mixture of sheep manure and fresh ruminant blood, 82 

inoculated through natural oviposition (hereafter named IER_B); and 83 

(3) production of H. illucens larvae using chicken manure and fresh brewery waste (solid, protein-rich 84 

residues of the fermentation of grains in the beer making process), inoculated artificially, i.e., 85 

inoculated with larvae from a captive adult colony (hereafter named FfA). 86 

The characterisation of the LCI models with site-specific cost information (i.e., converted to a value in 87 

Euros [EUR]) serves as a basis to analyse the economic performance of current production designs, identify 88 

cost-critical aspects of IBF production, and derive breakeven sale prices in order to assess the economic 89 

feasibility of IBF in West Africa. 90 

The results of this study provide a first account of the economic implications of the implementation of IBF 91 

in West Africa and showcase the potential of applying life cycle thinking tools in an early stage of product 92 

development. 93 

2. MATERIAL AND METHODS  94 

 Goal and Scope 95 

The goal of this study is to ex-ante evaluate the economic feasibility of current small-scale IBF production 96 

systems operating in the geographical context of West Africa. The results are expected; to (1) elucidate 97 

critical economic aspects of prospective IBF production in West Africa; (2) provide a basis for trade-off 98 

analysis between different insect rearing systems (M. domestica and H. illucens) and rearing substrates; (3) 99 

project the commercial potential of IBF in West Africa; and (4) provide recommendations for future 100 

research and development activities in the field. 101 



The main tasks undertaken were a comprehensive LCC analysis, described below, and a comparison of IBF 102 

breakeven sale prices with the market prices of plant based protein feeds, i.e. cottonseed meal, palm kernel 103 

meal and soymeal, as well as imported Peruvian fishmeal. 104 

As the present study continues on research presented in Roffeis et al. (2017), it draws on data and 105 

methodology from that study to maintain coherence. 106 

 Geographical context 107 

The IBF production models represent up-scaled system versions of different experimental rearing trials in 108 

West Africa, i.e. Ashaiman, Ghana (FfA system) and Bamako, Mali (IER systems) (Roffeis et al., 2017). 109 

The socio-economic conditions at the two sites are exemplary for West Africa. The population of the 110 

subcontinent is among the fastest growing in the world and projected to double from 290 million in 2010 111 

to almost 600 million by 2050 (United Nations, 2015). The most important constituent of the West African 112 

economy is the agricultural sector, which employed about 60% of the working population in 2012 113 

(Hollinger and Staatz, 2015). Agricultural production is dominated by small-scale farming operations that 114 

produce rain-fed crops, livestock, fruits and vegetables, often managed in integrated systems and grown 115 

next to one another (FAO et al., 2015; Hollinger and Staatz, 2015).  116 

 System boundaries 117 

The system boundaries of the LCC analysis are in accordance with those set in the LCI analysis of Roffeis 118 

et al. (2017). The system under investigation comprises the sourcing of raw materials, the insect rearing 119 

process, the separation of IBF and residue substrate, and the processing of the final co-products. Here the 120 

term plant gate is synonymous for the provision of products to a generic market in West Africa, excluding 121 

transport efforts related to the marketing of processed products.  122 

 Functional unit and reference systems 123 

The IBF systems are compared based on costs associated with the provision of 1 kg IBF and co-produced 124 

quantities of residue substrates (rearing substrate remaining after production of the larvae) to a generic 125 

market in West Africa. Here the reference unit of 1 kg IBF stands proxy for 1 kg whole dried larvae with a 126 

residual water content of less than 10% (Roffeis et al., 2017).  127 

To gauge the feasibility of current production designs, the IBF systems are further compared by calculating 128 

breakeven sale prices of IBF, assuming that residue substrates qualify as marketable organic fertilizers. The 129 

breakeven prices of IBF were calculated as total production costs minus the hypothetical revenues from 130 

residue substrates sold at a conventional price of organic fertilizers for 15.70 EUR/ t (surveyed price in 131 



West Africa, as applicable to November 2015). The calculated breakeven point designates the minimum 132 

sale price at which all costs of production are covered without generating profits.  133 

Considering the calculated minimum sale prices as a measure of the commercial potential, the breakeven 134 

prices of IBF products (i.e., see section 2.2.3) are compared with market prices of conventional, protein-rich 135 

feeds. The economic performance of IBF is first compared with that of imported Peruvian fishmeal given 136 

their similarity in terms of nutritional properties and position in the trophic network (i.e., animal based 137 

feed). Additionally, in order to analyse the differences between animal and plant based feeds, the three IBF 138 

systems are benchmarked against press cakes of predominant oil crops, i.e. cottonseed meal, palm kernel 139 

meal and soymeal. The prices of conventional feeds represent customary market prices in West Africa, as 140 

surveyed in November 2015. Cross-checks with statistical records suggest that the West African market 141 

prices were in close proximity to the world market prices at that time (see supplementary material S1). 142 

 Life cycle inventory (LCI) 143 

The investigated insect production models are retraced from earlier research by the authors Roffeis et al. 144 

(2017), which used experimental data from rearing trials in West Africa to formulate the design and LCI of 145 

three commercially scaled IBF production systems in the geographical context of tropical West Africa. The 146 

LCI data used for the economic assessment are presented in Table 1 and Appendix A.  147 

  148 



Table 1. Life Cycle Inventory (LCI) of different insect based feed (IBF) production models according to Roffeis 149 
et al. (2017). Comparison of the generic IER_A, IER_B and FfA system by relevant material and energy flows 150 
associated with the provision of 1 kg IBF and co-produced quantities of residue substrate to a generic market in West 151 
Africa. Inventory items categorised as ‘manufacturing equipment’ and ‘Consumables & supplies’ are detailed in 152 
Appendix A, Table A1 – A3. 153 

Life Cycle inventory (LCI) Unit IBF production models 

Inventory items   IER_A IER_B FfA 

PRIMARY FACTORS       

Σ Land m2a 0.04 0.03 0.05 

Fixed m2a 0.01 0.01 0.00 

Variable m2a 0.03 0.02 0.05 

Σ Built infrastructure m2a 0.07 0.04 0.11 

Insect rearing | rendering m2a 0.06 0.03 0.10 

Storage m2a 0.01 0.01 0.01 

Σ Labour h 1.9 1.6 3.1 

Labour (untrained) h 1.5 1.1 1.9 

Labour (trained) h 0.3 0.5 1.1 

INETERMEDIATE FACTORS     

Σ Substrate kg 100.0 62.7 26.8 

Manure (chicken | sheep), dried kg 40.0 22.8 6.3 

Ruminant blood, fresh kg - 14.2 - 

Brewery waste, fresh kg - - 8.9 

Sorghum bran (purging) kg 0.1 0.1 - 

Saw dust (purging) kg - - 0.6 

Water (substrate conditioning) a l 59.9 25.6 11 

Σ Water l 68.4 32.7 63.6 

Water (process) l 59.9 25.6 13.9 

Water (cleaning) l 8.4 7.1 19.6 

Water (separation) l - - 30.2 

Σ Energy MJ 0.7 0.7 3.3 

Nat. gas (burned in oven/ cooker) MJ 0.7 0.7 3.3 

Σ Transport km 0.1 0.8 0.4 

Motorbike km 0.1 0.1 0.3 

Commercial vehicle (3.5 - 7.5t) km - 0.7 - 

Truck (7.5 - 16t) km - - 0.1 

OUTPUTS         

Σ Process emissions        

Waste water l 8.4 7.1 49.8 

Emission CH4 (to air) g 15.5 10.0 11.3 

Emission N2O (to air) g 0.3 0.2 0.2 

Emission NH3 (to air) g 2.8 1.8 2.1 

Volatile solids (≤ 10 ųm, to air) g 2.5 1.6 1.8 

Σ Process products kg 29.0 17.0 8.1 

Residue substrate (fertilizer) kg 28.0 16.0 7.1 

IBF, dried b kg 1.0 1.0 1.0 

SCALE OF PRODUCTION kg IBF/ d 12.0 12.0 9.6 

a Water used for substrate conditioning (rearing substrate), accounted for under inventory item; ‘water’. 154 

The generic modelling approach of Roffeis et al. (2017) facilitated a consistent comparison of the IBF 155 

systems and eased the characterisation with economic data (i.e., cost data in EUR value). All production 156 

cycles start with the sourcing of rearing substrates and end with the killing and drying of insect larvae, 157 

which are assumed to be fed as dried whole larvae (i.e., IBF, dried). The distinguishing features and 158 

functioning of the IBF production models are briefly described in the following sections.  159 



 IER production models 160 

Roffeis et al. (2017) published LCI data of two production scenarios for M. domestica reared using natural 161 

oviposition. The generic IER_A and IER_B production systems were conceived as small commercially 162 

scaled production systems that are suitable for implementation in small hold farming operations in rural 163 

areas of tropical West Africa (see a description of the systems in Koné et al. (2017)). The IER_A and IER_B 164 

system differ from one another in the rearing substrate used. The IER_A rears M. domestica on a mixture 165 

of water and dried chicken manure. The rearing substrate in the IER_B is a mixture of sheep manure, fresh 166 

ruminant blood, and water. The IER systems share a similar process setup, which is organised around the 167 

same sequence of operational procedures, i.e. substrate conditioning, larval production, separation and 168 

drying. To keep transportation needs to a minimum, both production systems were assumed to be in close 169 

proximity to manure providing facilities (i.e. poultry farm and sheep feeding stables). The scale of the IER 170 

production systems was set at a daily output of 12 kg dried insect larvae (≤10% water), i.e., 4383 kg dried 171 

insect larvae annually (Roffeis et al., 2017). 172 

 FfA production model 173 

The generic FfA system rears H. illucens on a mixture of brewery waste, chicken manure and water. Roffeis 174 

et al. (2017) conceived the FfA model as a small-scale production facility, suitable for providing feed 175 

protein to small hold aquaculture operations in tropical West Africa. The FfA system operates with artificial 176 

substrate inoculation, where substrates are inoculated with larvae from a captive adult colony (i.e. seed 177 

larvae). This results in a more complex process cycle of six interrelated unit processes, i.e. substrate 178 

conditioning, egg production, larvae production, pupa production, separation (i.e. harvest) and drying. The 179 

process comprises two interlinked production units, i.e. larval rearing and egg production, which rely on a 180 

number of adult colonies of different age. The egg production unit thus acts as a system-internal hub, where 181 

production of pupae and the scale of larval production are synchronized with the calibrated daily egg output. 182 

As for the IER systems, the production facility was assumed to be in close proximity to a poultry farm. The 183 

FfA production system was modelled within the limitations of maintaining the adult colony at a constant 184 

number of 20,000 adult flies, which equates to a daily output of 9.6 kg dried insect larvae (≤10% water), 185 

i.e., 3,506 kg dried insect larvae annually (Roffeis et al., 2017).  186 

 Background data 187 

To characterise the IBF models with cost information, additional data were collected on: (i) economic inputs 188 

and outputs; (ii) wage levels; (iii) market prices of organic fertilizers and conventional feed products; as 189 

well as (iv) functioning and properties of regional markets and how insect production systems could be 190 

integrated in agricultural value chains. To retain a maximum of geographical distinction and characteristics 191 



of the original rearing trials, all IBF models were characterised with site-specific commercial information, 192 

such as typical land rents, transport charges, hourly wages of trained and untrained staff as well as prices 193 

for rearing substrates, gas, water and the production equipment used.  194 

Price information of inputs and outputs were surveyed either desktop-wise or through investigations and 195 

interviews on-site. All prices were gathered in the respective national currencies, i.e. African Financial 196 

Community franc – CFA (IER systems) and Ghanaian cedi – GHS (FfA system), and reflect the site-specific 197 

market values of items during the third and fourth quarters of 2015 (see supplementary S1). Assuming that 198 

price relations will remain constant and independent from exchange rates, the conversion to EUR value was 199 

made using the exchange rate at the date of the survey (see supplementary S1). Working hours and wages 200 

draw on surveyed information, but have been calculated based on optimistic averages, assuming a 201 

customary hourly wage for trained and untrained staff of 0.72 EUR and 0.45 EUR/ h, respectively. A 202 

comprehensive overview of the prices used in the characterisation of the LCIs is provided in the 203 

supplementary material S1. 204 

 Impact assessment 205 

 Economic performance 206 

The economic performance of the modelled IBF systems was assessed by application of the LCC 207 

approach, following the SETAC code of practice (Gluch and Baumann, 2004; Swarr et al., 2011). The 208 

LCC analysis was conducted for the full LCIs as published by Roffeis et al. (2017), which yielded a 209 

comprehensive cost breakdown structure of the production processes, i.e., leaving costs related to 210 

upstream and downstream processes unconsidered. The LCC results thus resemble a total cost 211 

assessment, taking the perspective of an economic actor at the place of the functional unit (e.g., insect 212 

farmer or feed producer). 213 

 Data Quality and Uncertainty 214 

Applying life cycle thinking methodology in the phase of product development has inherent uncertainty 215 

(Aziz et al., 2016; Peregrina et al., 2006). In this study the uncertainty results mainly from the assumptions 216 

made in the background inventory data, i.e., market price information. As the surveyed price information 217 

does not permit any degree of variability (i.e., single point data), an uncertainty analysis was not executed. 218 

However, the influence of price assumptions on the assessment results was evaluated by means of a 219 

sensitivity analysis, in which the effects of schematic variations in wages and prices of organic fertilizer 220 

were evaluated.  221 

3. RESULTS 222 



 Life cycle cost (LCC) analysis 223 

The economic characterization results of the LCI models are summarized in Table 2. With a total of 224 

1.72 EUR per kg IBF, the IER_A system has the lowest production costs (Table 1-2). Advantages over the 225 

IER_B and FfA systems are apparent in costs for transportation and manufacturing equipment. The IER_B 226 

system shows the second highest production costs, where the co-production of 1 kg IBF and 16 kg residue 227 

substrate incurs costs of 1.99 EUR (Table 1-2). Though lowest in labour costs and expenses for 228 

consumables and supplies, the IER_B system compares unfavourably in substrate and transportation costs. 229 

With a total of 2.48 EUR per kg IBF, the FfA system shows the highest production costs (Table 1-2). 230 

Marked disadvantages against the IER systems are apparent in the costs for built infrastructure, 231 

manufacturing equipment, labour, energy, and consumables and supplies.  232 

  233 



Table 2. Economic characterisation of the life cycle inventory of different insect based feed (IBF) production 234 
systems. Comparison of the IER_A, IER_B, and FfA system by Life Cycle Costs (LCC) associated with the provision 235 
of 1kg IBF and co-produced quantities of residue substrate to a generic market in West Africa. 236 

Life Cycle Cost (LCC) Unit IBF production models e Data source 

Inventory items   IER_A IER_B FfA Foreground  | background 

PRIMARY FACTORS         

Σ Land EUR/kg IBF <0.01 <0.01 0.01   

Fixed " <0.01 <0.01 <0.01 (Roffeis et al., 2017) | SD 1 

Variable " <0.01 <0.01 <0.01        "  | SD 1 

Σ Built infrastructure " 0.02 0.02 0.04  

Insect rearing | rendering " 0.02 0.01 0.04        "  | SD 1 

Storage " <0.01 <0.01 <0.01        "  | SD 1 

Σ Manufacturing infrastructure a " 0.01 0.03 0.07        "  | Table B1 – B3 

Σ Labour " 0.93 0.83 1.67  

Labour (untrained) " 0.68 0.50 0.88        "  | SD 1 

Labour (trained) " 0.25 0.34 0.79        "  | SD 1 

INETERMEDIATE FACTORS          

Σ Substrate " 0.64 0.66 0.37 

 

Manure (chicken | sheep), dried " 0.63 0.36 0.10        "  | SD 1 

Ruminant blood, fresh " - 0.29 -        "  | SD 1 

Brewery waste, fresh " - - 0.27        "  | SD 1 

Sorghum bran (purging) " 0.01 0.01 -        "  | SD 1 

Saw dust (purging) " - - <0.01        "  | SD 1 

Σ Water " 0.03 0.02 0.00 

 

Water (process) " 0.03 0.01 -        "  | SD 1 

Water (cleaning) " <0.01 <0.01 -        "  | SD 1 

Σ Energy " 0.03 0.03 0.08        "  | SD 1 

Nat. gas (burned in oven/ cooker) " 0.03 0.03 0.08        "  | SD 1 

Σ Transport " <0.01 0.38 0.17        "  | SD 1 

Motorbike " <0.01 <0.01 0.02        "  | SD 1 

Commercial vehicle (3.5 - 7.5t) " - 0.38 -        "  | SD 1 

Truck (7.5 - 16t) " - - 0.15        "  | SD 1 

Σ  Consumables & supplies b " 0.04 0.03 0.07        "  | Table B1 – B3 

OUTPUTS         
 

Σ  Process emissions " 0.00 0.00 0.00 

 

Waste water " - - -        "  | SD 1 

Emission CH4 (to air) " - - -        "  | SD 1 

Emission N2O (to air) " - - -        "  | SD 1 

Emission NH3 (to air) " - - -        "  | SD 1 

Volatile solids  (≤ 10 ųm, to air) " - - -        "  | SD 1 

Σ Process products " 1.72 1.99 2.48   

Residue substrate (fertilizer) c " 0.44 0.25 0.11        "  | SD 1 

IBF, dried d " 1.28 1.74 2.37        "  | Breakeven price 

SCALE OF PRODUCTION kg IBF/ d 12.0 12.0 9.6        "  

a Durable inventory items that facilitate the production process (results are detailed in Appendix B, Table B1 – B3). b Inventory 237 
items that are used in the production process and replaced regularly (results are detailed in Appendix B, Table B1 – B3). c Revenue 238 
(i.e. cost coverage contribution) of residue substrates sold as organic fertilizer at a market price of 15.70 EUR/ t. d Breakeven price 239 
(i.e., cost price) of IBF, calculated as production costs less the hypothetical revenues from residue substrates. e All data presented 240 
are subject to rounding. 1 Surveyed data: market information and prices gathered upon surveys on-site in the third and fourth 241 
quarters of 2015 (see supplementary material S1). 242 

A graphical representation of relevant cost flows helps to elucidate economically sensitive aspects of the 243 

IBF production systems (Figure 1). Expenses associated with the sourcing of rearing substrates (i.e. sum of 244 

substrate and transportation costs) are a relevant contributor to the LCC in all three systems (Figure 1).  245 



 246 
Figure 1. Economic characterisation of different insect based feed (IBF) production systems. Comparison of the 247 
IER_A, IER_B and FfA system by life cycle costs (LCC) associated with the provision of 1kg IBF and co-produced 248 
quantities of residue substrate to a generic market in West Africa. Breakdown of LCC results by contributions of 249 
relevant inventory items. The black arrows approximate cost flows of inventory items contributing less than 5% to the 250 
overall LCC results. 251 

The substrate costs in the IER_A system are limited to the procurement of chicken manure, which, as for 252 

the residue substrate, is assumed to be traded as an organic fertilizer at a customary market price of 253 

15.70 EUR/ t (Table 1). The co-production of IBF and residue substrate in the IER_A system requires 40 kg 254 

chicken manure, which equates to a cost of 0.64 EUR/ kg IBF, i.e., 37% of the total LCC (Table 1 and 255 

Figure 1).  256 



The IER_B system, using a mixture 22.8 kg sheep manure and 14.2 kg ruminant blood/ kg IBF, shows the 257 

highest substrate related costs (0.66 EUR/ kg IBF). The sheep manure, otherwise appreciated as an organic 258 

fertilizer, is sourced at the same price as the chicken manure in the IER_A and FfA system (i.e. 259 

15.70 EUR/ t), which causes 0.36 EUR/ kg IBF in substrate costs, i.e., about 55% of the total substrate 260 

costs. The remainder of 0.29 EUR/ kg IBF (about 45% of the total substrate costs) is attributed to the costs 261 

of ruminant blood (Table 1). Added to this are costs associated with the sourcing of ruminant blood (i.e. 262 

transport costs of 0.38 EUR kg/ IBF), which in total represent 52% of the total LCC (Figure 1). The lowest 263 

substrate related costs are found in the FfA system. The substrate costs of 6.3 kg chicken manure and 8.9 kg 264 

brewery waste total 0.10 EUR and 0.27 EUR/ kg IBF, respectively (about 15% of total LCC), while 265 

sourcing of brewery waste adds another 0.17 EUR/ kg IBF in transport costs, i.e., 7% of total LCC 266 

(Figure 1).  267 

Labour costs, amounting to 42%-67% of the total process cost, are by far the highest cost factor in the IBF 268 

production systems. The highest share of labour costs (67%) are found in the FfA system, totalling 269 

1.67 EUR/ kg IBF. Labour costs in the IER_A and IER_B system are considerably lower, amounting to 270 

0.93 EUR/ kg IBF (54% of total costs) and 0.83 EUR/ kg IBF (42% of total costs) respectively (Figure 1).  271 

A detailed breakdown of labour costs by salary structure and operational activities, as presented in Figure 2, 272 

offers a better understanding of the process features underlying the incurred labour costs.  273 



 274 

Figure 2. Breakdown of labour costs in different insect based feed (IBF) production systems. Comparison of the 275 
IER_A, IER_B and FfA system by labour costs associated with the provision of 1kg IBF and co-produced quantities 276 
of residue substrate to a generic market in West Africa. Breakdown of labour costs by salary structure, i.e., cost 277 
contribution through the employment of trained- and untrained staff paid 0.45 EUR/ h and 0.72 EUR/ h respectively, 278 
and unit processes, indicating the operational activities where costs are incurred. All figures presented are subject to 279 
rounding. 280 

*Operational procedures leading to gut purging, killing, and drying of larvae. 281 
** Labour costs relating to administrative tasks, maintenance and repair measures. 282 

The labour costs in the IER_A system are largely due to the larval production step (0.29 EUR/ kg IBF), the 283 

separation of larvae and residue substrate (0.46 EUR/ kg IBF), and operational procedures leading to the 284 

purging (emptying of their guts), killing, and drying of larvae, i.e. finishing (0.13 EUR/ kg IBF). Trained 285 

staff perform 16% of the labour inputs, but due to a higher wage level, account for 27% of the total labour 286 

costs in the IER_A system (Table 1 and Figure 2). The highest cost contribution through trained staff can 287 

be found in the larval production and finishing processes (Figure 2).  288 



The formation of labour costs in the IER_B system follows in principle the one of the IER_A system, 289 

although the handling of two substrate components (i.e., sheep manure and ruminant blood) increases labour 290 

costs in the substrate conditioning and larval production step (0.10 EUR/ kg IBF and 0.37 EUR/ kg IBF). 291 

The use of two substrate components also sets greater demands on the skills and experience of the operators, 292 

which is in turn reflected in the higher employment of trained staff (31% of the labour inputs) and their 293 

share in the overall labour costs (41%). A more favourable conversion efficiency, on the other hand, causes 294 

relative savings in the larval separation step (0.26 EUR/ kg IBF), as lower quantities of co-produced residue 295 

substrates (16 kg/ kg IBF) are separated (Table 1 and Figure 2).  296 

The high labour costs of the FfA system are largely explained by labour inputs in the egg production unit. 297 

The operational activities relating to the maintenance of adult colonies and the constant production of seed 298 

larvae equates to labour costs of 1.06 EUR/ kg IBF, i.e., 63% of the total labour costs. About 47% 299 

(0.79 EUR/ kg IBF) of the labour costs in the FfA system are due to trained staff (Table 2), employed 300 

primarily in the egg production unit to ensure constant process flows. Associated management efforts and 301 

complex operational procedures using trained staff causes labour costs of 0.72 EUR/ kg IBF, which equals 302 

68% of the labour costs in the egg production unit (Figure 2). The relevant contribution of trained staff in 303 

the FfA system is also shown in the labour costs associated with larval production and finishing processes. 304 

Here the management and supervision of operational procedures through trained employees account for 305 

20% and 28% of the labour costs, respectively (Figure 2).  306 

The observed differences between the IBF production models accentuate when systems are compared by 307 

breakeven prices of IBF (Table 1). In the IER_A system, the co-production of 28 kg residue substrate (i.e. 308 

organic fertilizer) generates revenues of 0.44 EUR/ kg IBF (26% cost coverage), which equates to a 309 

breakeven price of 1.28 EUR/ kg IBF (Table 1-2). The IER_B system, generating 0.25 EUR/ kg IBF in 310 

revenues (13% cost coverage) through the co-production of 16 kg residue substrate, arrives at a 311 

considerably higher breakeven price of 1.74 EUR/ kg IBF. The FfA system profits the least from the trade 312 

of residue substrates. Here the sale of 7.1 kg residue substrate forms 0.11 EUR/ kg IBF in revenues (4% 313 

cost coverage) and leads to a breakeven price of 2.48 EUR/ kg IBF (Table 1-2). 314 

 Sensitivity analysis 315 

The cost contribution analysis illustrates the influence of substrate and labour costs to the overall LCC 316 

results. To analyse the influence of the underlying price assumptions, a sensitivity analysis was carried out 317 

in which the LCC results were recalculated under the conditions of varying wages and prices of manure 318 

and residue substrate (i.e., organic fertilizer). Figure 3 illustrates the possible realisations of the LCC results 319 



corresponding to wage levels for trained and untrained staff of (W1) -20% of BSL wage level; (BSL) 320 

baseline wage level; (W2) +20% of baseline level; and (W3) assuming equal pay for trained and untrained 321 

staff of 0.45 EUR/ h. 322 

 323 

Figure 3. Breakeven prices of insect based feeds (IBF) under conditions of varying wage levels. Comparison of 324 
the IER_A, IER_B and FfA systems by estimated breakeven prices of IBF (i.e., cost price) corresponding to wage 325 
levels for trained and untrained staff of (W1) -20% of BSL wage level; (BSL) baseline wage level, assuming customary 326 
hourly wages for trained and untrained staff of 0.72 EUR and 0.24 EUR/ h, respectively; (W2) +20% of baseline level; 327 
and (W3) assuming an equal pay for trained and untrained staff of 0.45 EUR/ h. 328 

The sensitivity with which the breakeven prices respond is in accordance with the relative contribution of 329 

labour costs to the system’s overall LCC (compare Figure 1 and 3). The breakeven price of IBF in the 330 

IER_A system ranges from 1.09 EUR/ kg IBF (W1) to 1.46 EUR/ kg IBF (W2), i.e. 86% and 115% of the 331 

breakeven price in the BSL scenario. The LCC results of the IER_B system are less sensitive to a variation 332 

in wage levels. Due to a comparatively low share of labour costs, the estimated breakeven prices range from 333 

1.57 EUR/ kg IBF (W1) to 1.90 EUR/ kg IBF (W2), which equates to a variation of about ± 10% compared 334 

to the BSL scenario (figure 3). The FfA system, with the highest share of labour costs (67% of the total 335 

LCC), shows a comparable response to changes in wage levels to the IER_A system. The variation of wages 336 

by -20% (W1) and +20% (W2) follows a variation in breakeven prices compared to the BSL scenario of -337 

14% (2.03 EUR/ kg IBF) and +14% (2.70 EUR/ kg IBF), respectively (Figure 3).  338 

The assumption of equal pay for trained and untrained staff (W3) results in a sizeable decrease in breakeven 339 

prices, although prices of IBF remain above the ones calculated in W1 (Figure 3). Given the high costs of 340 

trained staff, the FfA system shows the most sensitive response, where the breakeven price decreases by 341 

23% (2.07 EUR/ kg IBF) as compared to the BSL scenario (Figure 3).  342 



The effects of varying prices of manure and residue substrate on the system’s LCC results are summarized 343 

in Figure 4. The price variations analysed include: (F1) zero economic value (i.e. manure and residue 344 

substrate are considered a true waste stream); (F2) 7.85 EUR/ t (-50% BSL); (BSL) baseline scenario, i.e., 345 

assuming a customary market price for organic fertilizer of 15.70 EUR/ t; and (F3) 23.55 EUR/ t (+50% 346 

BSL) (Figure 4). 347 

 348 

Figure 4. Breakeven prices of insect based feeds (IBF) under condition of varying market prices for organic 349 
fertilizer.  Comparison of the IER_A, IER_B and FfA system by estimated breakeven prices of IBF (i.e., cost price) 350 
corresponding to fertilizer prices of (F1) zero economic value (i.e. considered a true waste stream); (F2) 7.85 EUR/ t; 351 
(BSL) customary market price of 15.70 EUR/ t, i.e., baseline scenarios as surveyed in West Africa in the third and 352 
fourth quarters of 2015; and (F3) 23.55 EUR/ t. 353 

As price variations of organic fertilizer affect the price of manures (sheep and chicken), as well as traded 354 

residue substrates, the response of the breakeven prices are largely a function of the system’s conversion 355 

efficiency. The IER_A system shows the highest variation in breakeven prices of IBF due to the 356 

comparatively low efficiency of conversion. An increase in fertilizer prices from 0 EUR/ t (F1) to 23.55 357 

EUR/ t (F3) causes a variation of the breakeven price of -14% and +8% compared to the BSL scenario, 358 

respectively (Figure 4). In scenario F3 (23.55 EUR/ t fertilizer) the trade of residue substrate in the IER_A 359 

system realizes 0.66 EUR/ kg IBF in revenues, which equates to a cost coverage contribution of almost 360 

33% (Figure 4). The IER_B system shows a similar variation in breakeven prices of IBF, although the 361 

increase from F1 to F3 is less pronounced, due to the higher conversion efficiency (Table 1 and Figure 4).  362 

The lowest relative changes in breakeven prices are observed in the FfA system. As chicken manure 363 

constitutes a minor component of the substrate mixture, the increase in prices of organic fertilizer caused a 364 

slight decrease in the breakeven price. At a fertilizer price of 23.55 EUR/ t (F3), the trade of residue 365 



substrate in the FfA system generates 0.17 EUR/ kg IBF in revenues, which results in a breakeven price of 366 

2.36 EUR/ kg IBF (Figure 4). 367 

 Economic feasibility assessment 368 

To ex-ante assess the feasibility of current IBF production designs in West Africa, estimated breakeven 369 

prices (i.e. minimum sale prices) of the IBFs are compared with market prices of imported Peruvian 370 

fishmeal and commonly used plant based protein feeds, i.e. cottonseed meal, palm kernel meal and soymeal. 371 

The results of this comparative analysis are summarized in Figure 5.  372 

 373 

Figure 5. Comparison of estimated breakeven prices (i.e. minimum sale prices) of insect based feeds (IBF) with 374 
market prices of conventional feeds a generic market in West Africa. The error bars of the breakeven prices of 375 
IBF (IER_A, IERB and FfA system) indicate the possible range of price variations as follows from the sensitivity 376 
analyses (see Appendix C, Table C1 - C3). The error bars of fishmeal and soybean meal represent the range of monthly 377 
price variations between Sep 2012 and Jun 2017, as indicated by IndexMundi (2017a and 2017b). The error bars of 378 
the prices for cotton seed meal and palm kernel meal illustrate a default variation of ±20%.  379 

The comparison of the breakeven prices of IBF with conventional feeds reveals large price differentials, 380 

especially between animal and plant based feeds (Figure 5). Ranging between 0.12 EUR/ kg DM (palm 381 

kernel meal) and 0.32 EUR/ kg DM (soybean meal), the market prices of plant based feeds are several times 382 

lower than the lowest-priced animal based feed product, i.e. IBF from the IER_A system (1.28 EUR/ kg 383 

DM).  384 

The breakeven prices of IBF and market price of fishmeal, on the other hand, are comparable (Figure 5). 385 

The breakeven price of IBF in the IER_A system (1.28 EUR/ kg DM) settles below the surveyed market 386 

price of fishmeal (1.47 EUR/ kg DM). The IER_B system exceeds the market price of fishmeal by 387 

0.27 EUR (1.74 EUR/ kg IBF), but compares favourably under the condition of low fertilizer prices and a 388 

20% lower wage level (Appendix C, Table C2). At 2.37 EUR/ kg IBF, the FfA system has the highest 389 

breakeven price, way ahead of the other feed producing systems (Figure 5).   390 



4. DISCUSSION 391 

 Economic performance 392 

The results of the economic characterisation and cost breakdown analysis revealed economically sensitive 393 

aspects of the modelled production processes. The economic performance of IBF production in West Africa 394 

was found to be largely determined by the costs attributed to labour and to the procurement of rearing 395 

substrates. In the IER_A, IER_B and FfA systems, the sum of labour costs and the expenses associated 396 

with the sourcing of rearing substrates (i.e. sum of substrate and transportation costs) represented 91%, 397 

94%, and 89% of the total costs, respectively (Figure 1). What attracts attention, however, is that the 398 

economies of relatively high conversion efficiency are seemingly offset by the higher costs for labour and 399 

rearing substrates. Roffeis et al. (2017) demonstrated that the use of a combination of rearing substrates 400 

with a high energy and protein content, as is the case in the IER_B and FfA system (i.e., fresh brewery 401 

waste and ruminant blood), benefits the system’s conversion efficiency and thereby input efficiencies of 402 

relevant inventory items, such as land, built infrastructure, labour, substrate and water. However, a detailed 403 

LCI analysis also showed that rearing processes with more than one substrate component require a higher 404 

level of operator training (i.e., as indicated by the share of trained staff) and cause additional sourcing 405 

efforts, resulting in increased inputs for transportation and labour. This trade-off relationship resulted in 406 

comparable disadvantages to the economic performance of the IER_B and FfA system, as the high prices 407 

of trained labour and high quality substrates, such as brewery waste and ruminant blood, compensated for 408 

relative savings in the costs for land, built infrastructure, untrained labour and water (Figure 2 and Table 1).  409 

The somewhat inverse relationship between conversion efficiency and economic performance becomes 410 

even more pronounced when systems are compared by breakeven prices of IBF (Table 1). The lower 411 

conversion efficiency of the IER_A system and the associated high output of residue substrate provides 412 

higher revenues from residue substrate, which in turn contributed to a favourable breakeven price of 1.28 413 

EUR/ kg IBF (Table 1-2). The IER_B system co-produced lower quantities of residue substrate and arrived 414 

at a considerably higher breakeven price of 1.74 EUR/ kg IBF. Assessed with the highest conversion 415 

efficiency, the FfA system profits the least from the sales of residue substrates (0.11 EUR/ kg IBF in 416 

revenues) (Table 1-2). 417 

In general, the production of M. domestica under conditions of natural oviposition provided economic 418 

advantage over the production of, artificially inoculated (i.e., inoculated with larvae from a captive adult 419 

colony) H. illucens. The interplay between egg and larval production involved a sequence of complex 420 

operation steps, requiring precise synchronization to achieve steady operation flows. This process 421 



organisation caused a high itemization and resulted in surpluses in costs for labour and manufacturing 422 

equipment, as well as consumables and supplies (see also Appendix B). Added to this, is the longer 423 

development time of H. illucens larvae, which also increased the inputs of intermediate and primary factors 424 

of production (Table 1).  425 

Although results suggest that the IBF production through the exposure of substrates to naturally-occurring 426 

flies is more cost-effective than the production in a closed system, the latter shows a greater potential for 427 

improvement through economies of scale. The high production costs in the FfA systems are primarily due 428 

to labour inputs of trained staff in the egg production step (compare Figure 1-2). Given that the operational 429 

activities of trained staff members are to a large extent output-independent (i.e. management and monitoring 430 

efforts), a further upscaling of production permits the expectation of considerable cost digression effects.  431 

While the LCC analysis showed that the differences in the economic performance of systems are mainly a 432 

function of rearing technique, rearing substrates, sourcing strategies and period of larval development, 433 

findings also hint towards a large influence of site-specific economic conditions (i.e., price levels). The 434 

possible effects of varying market conditions have been explored by means of a sensitivity analysis, the 435 

results of which are discussed in the following section. 436 

 Sensitivity analysis  437 

A sensitivity analysis demonstrated a large variability of the LCC results in response to variations in wage 438 

levels and market prices of organic fertilizer (i.e., manure and residue substrate).  Due to the high relevance 439 

of labour costs to the overall process costs, the economic performance of the IBF systems improved 440 

substantially with a decrease in labour costs. The assumption of equal pay for trained and untrained staff 441 

resulted in a similar effect, but particularly benefited the performance of the IER_B and FfA systems (i.e., 442 

those systems with a higher share of trained labour). Whilst the latter scenario is unlikely and contravenes 443 

efforts towards economic development it suggests potential benefits of further automation of IBF 444 

production processes, i.e., lower labour inputs and decrease in mean wage levels (Figure 3).   445 

The varying prices of organic fertilizer showed a similar effect on the systems economic performances, 446 

although responses were more complex as price variations affect both the procurement prices of manure 447 

(sheep and chicken manure), and the retail prices of residue substrates (see also section 4.2). The IER 448 

systems showed a similar variation in breakeven prices, although the price increases in the IER_B system 449 

from 0 EUR/ t to 23.55 EUR/ t was less pronounced (i.e., higher conversion efficiency). Other than the IER 450 

systems, the breakeven prices of FfA slightly decreased in response to increasing fertilizer prices (Figure 4). 451 

Since chicken manure constitutes a minor component in the substrate mixture of the FfA system, the 452 



increase in fertilizer prices were paralleled with an increase in revenues from the trade of residue substrates, 453 

which in turn offset additional substrate costs.  454 

The findings of the sensitivity analysis demonstrate the ambiguity of the LCC results, but also highlight the 455 

influence of socio-economic factors on the economic performance of IBF production. Given projected of 456 

wage increases in West Africa, the breakeven prices of IBF are likely to rise in the near future (Zhou and 457 

Staatz, 2016). However, it is safe to assume that changes in wage levels would likewise affect the market 458 

prices of other local feed production systems. The same applies to the costs of rearing substrates, which are 459 

expected to increase alongside all products in agricultural value chains in response to an increasing demand 460 

for food and feed (Hollinger and Staatz, 2015; Zhou and Staatz, 2016). Thus, if and how future market 461 

developments affect, or would be affected by, a widespread implementation of IBF in West Africa remains 462 

highly speculative.  463 

 Application potential 464 

To gauge the feasibility of current IBF production designs in West Africa, a comparison was made between 465 

breakeven prices of IBF and surveyed market prices of imported Peruvian fishmeal and customary plant 466 

based protein feeds, i.e. cottonseed meal, palm kernel meal and soymeal. While breakeven prices represent 467 

an underestimation of the potential IBF market prices (i.e., include no profits), they indicate an important 468 

benchmark for a feasible market entry of IBF. The comparison showed, apart from substantial price 469 

differences between animal and plant based feeds, that the breakeven prices of IBF from the IER_A system 470 

are comparable with the market price of imported fishmeal. The IER_B system exceeds the market price of 471 

fishmeal, but would compare favourably under the condition of low fertilizer prices and a 20% lower wage 472 

level. The high breakeven price in the FfA system (2.37 EUR/ kg IBF) compared unfavourably to the 473 

market prices of all feed producing systems (Figure 5).  474 

However, the comparison of the market prices per kg feed does not take into account the differences in the 475 

nutritional performance of feed products. Given differences in amino acid patterns, fatty acids, calories and 476 

fibre content of feedstuffs considered, it is likely that a comparative assessment would yield different 477 

outcomes when systems are compared based on the feed product’s nutritional values. The latter being 478 

strongly variable between the different livestock species, the only appropriate approach would be to 479 

compare feedstuffs based on their livestock-specific ileal digestibility (protein turnover per protein intake). 480 

Whilst such digestibility studies have been conducted for conventional feedstuffs, there is currently 481 

insufficient data available for IBFs to base an alternative FU definition on. Hence extended feeding trails 482 

are needed to evaluate the nutritional performance of IBF in proportion to conventional feeds. 483 



Although the use of insects as feed has a long tradition in Africa among smallholder farmers (Kenis et al., 484 

2014; Pomalégni et al., 2017), the technology of commercial production of fly larvae is still in its infancy. 485 

It is therefore noteworthy that the breakeven prices of IBF are already in proximity to those of the market 486 

prices of animal based feeds from well-established industries (i.e. fishmeal). Production systems for H. 487 

illucens and M. domestica of all sizes and forms are being developed worldwide, providing opportunities 488 

for increased efficiency and cost reduction (Koné et al., 2017; Pomalégni et al., 2017). Given the rapid 489 

advancements in the last few years, it is likely that future IBF production systems will produce at 490 

substantially lower costs through higher efficiency, scaling-up, and use of cheaper or free substrates and 491 

mechanisation. 492 

 Implications for theory and practice 493 

While the LCC analysis is highly site-specific and associated with a considerable degree of uncertainty, the 494 

results offer valuable support to prospective practitioners, as well as future research and development 495 

activities aiming for a successful implementation of IBFs in tropical climates. However, because of the 496 

interdependence of input factors, statements on how to improve the system’s performances can only be 497 

made for each input factor individually (i.e., rearing substrate, transport, labour etc.). 498 

The LCC results demonstrate that the economic performance of IBFs is largely determined by the costs 499 

associated with the sourcing of rearing substrates (i.e. sum of substrate and transportation costs). As the 500 

most relevant mass flow in the production process, a successful implementation of IBFs crucially depends 501 

on the availability and regional price level of these resources. Here, the utilization of true waste streams, 502 

i.e. products or mass flows of no economic value that are not yet harnessed in other value chains, has proven 503 

most favourable. Substrates that are already traded as a food or feed, such as brewery waste and press cakes 504 

of oil crops, may benefit the systems’ conversion efficiency but are less cost-effective and should only be 505 

used in minimal amounts, for example as a structural additive in rearing substrates. With regards to the 506 

economic relevance of transport processes, an application of IBF production systems in close proximity to 507 

substrate providing operations or markets appears recommendable. Where small-scale IBF systems form 508 

an integrated part of a livestock operation, considerations should also be given to feeding insects alive, as 509 

this would save costs associated with the drying/killing of larvae (i.e. labour and energy costs). The costs 510 

of labour, also identified as particularly performance-critical, are mainly a function of the prevalent wage 511 

level and the process organisation involved in the production of IBFs. To reduce the input of labour and 512 

associated costs, it requires further up-scaling and the development of automation technology that enables, 513 

for instance, workload reductions in the setup of rearing batches and manual separation of insects and 514 

residue substrates. 515 



Following the basic assumptions underlying the concept of IBF, a widespread implementation of IBF 516 

production would aid sustainable development in two respects: (1) it provides an alternative protein rich 517 

feed source, that is locally grown and in no competition to the demands for human consumption (Joensuu 518 

and Silvenius, 2017; Van Huis et al., 2014); and (2) it opens an alternative avenue for the cost-effective 519 

recycling of nutrients from a range of different waste streams, including critical substrates such as food 520 

residues and slaughterhouse wastes (Dortmans et al., 2017; Koné et al., 2017; van Zanten et al., 2015). The 521 

study results support this notion, at least in terms of the system’s economic performance and with reference 522 

to the geographical context of tropical West Africa. However, the extent to which the presented finding can 523 

be generalized requires further investigations. Special interest should be paid to the apparent trade-off 524 

between conversion efficiency and economic performance. It appears worth exploring if the inverse 525 

relationship is a system-specific phenomenon or a guiding principle in the recycling of biomass via IBF 526 

production. Against the background of today’s sustainable development agenda, particular interest should 527 

also be given to the systems’ environmental impact. Thus far publications investigating the environmental 528 

life cycle performance of IBFs, such as van Zanten et al. (2015), Prandini et al. (2015), Roffeis et al., (2015), 529 

Salomone et al. (2017), Smetana et al., (2016), or Payne et al., (2016), have only focused on IBF production 530 

in Europe. Given the substantial disparities in climate and socio-economic conditions, these studies hardly 531 

enable any conclusions to be drawn on the potential environmental ramifications in West Africa or other 532 

economically disadvantaged regions in tropical climates. To assess and examine conjectured sustainability 533 

advantages, the authors advise future research to investigate the environmental impact of the presented 534 

systems using environmental Life Cycle Assessment (LCA) methodology. 535 

5. CONCLUSIONS 536 

The production of IBFs offers a potential solution for strengthening food security and sustainable 537 

development in economically disadvantaged regions of tropical climates. To test the viability of this 538 

proposition, this study used LCC methodology to investigate the economic performance of three ex-ante 539 

modelled IBF production systems operating in the geographical conditions of West Africa.  540 

The results show that the viability of IBF production in West Africa is largely determined by the costs 541 

attributed to labour and rearing substrates as well as the revenues generated from the trade of co-produced 542 

residue substrates. The combination of all three aspects resulted in economic advantages for the simplistic 543 

setups used in the production of M. domestica under conditions of natural oviposition. Artificial inoculation 544 

driving the production of H. illucens facilitated a high conversion efficiency but raised production costs, as 545 

the complex system setup and labour intensive process substantially increased inputs of labour and 546 

production infrastructure. However, owed to a higher share of output-independent cost factors, the 547 

production in a closed system showed a greater potential for improvement through economies of scale. 548 



To estimate the commercial potential of IBF production in West Africa, a comparison was made between 549 

breakeven prices of IBF and surveyed market prices of imported Peruvian fishmeal and customary plant 550 

based protein feeds, i.e. cottonseed meal, palm kernel meal and soymeal.  While IBFs showed considerable 551 

disadvantages in relation to plant-based feeds, the comparative assessment underpinned their potential of 552 

becoming a viable substitute for conventional animal based feeds (i.e., fishmeal). 553 

The LCC analysis provides useful insights into the economic performance of IBFs and served as a basis to 554 

derive practical recommendations for prospective practitioners and future research and development 555 

activities aiming for a successful implementation of IBFs in tropical climates. However, the authors would 556 

like to remind readers of the prevailing uncertainties. The assessment of yet hypothetical production 557 

systems required assumptions and approximations in both foreground and background inventory data, as 558 

well as the use of proxy data when determining applicable market scenarios. Against this background, and 559 

taking into account that only a limited number of possible system designs are considered, the study findings 560 

do not support conclusive statements on the application potential of IBF in West Africa. Instead, the authors 561 

invite researchers and prospective insect farmers to recognise the study findings as an orientation to 562 

progress research and development activities and design individual, and locally adapted implementation 563 

strategy. 564 

Acknowledgments: The research leading to these results has received funding from the European Union’s 565 

Seventh Framework Programme for research, technological development and demonstration under grant 566 

agreement No. 312084 (PROteINSECT). The authors are thankful to all colleagues of the PROteINSECT 567 

consortium. Special thanks are directed to Gabriela Maciel-Vergara, Bawoubati Bouwassi and Jakob 568 

Anankware, who provided great assistance upon system surveys in Mali and Ghana. We also thank 569 

colleagues of the Division Forest, Nature and Landscape at KU Leuven, who provided valuable inputs and 570 

recommendations. MK, SN, and GKDK also thank the project IFWA—Insects as Feed in West Africa, 571 

funded by the Swiss Programme for Research on Global Issues for Development (R4D). MK was partly 572 

funded though the CABI Development Fund (supported by contributions from the Australian Centre for 573 

International Agricultural Research, the UK’s Department for International Development, and others).   574 

Author Contributions: Devic E., Koné N’G., Kenis, M., Nacambo S. and Koko G.K.D. conceived and 575 

developed surveyed insect rearing trials; Roffeis M., Devic E. and Kenis, M. conceived the design and setup 576 

of up-scaled IBF production models; Roffeis M., Valada T., Achten W.M.J., Mathijs E. and Muys B. 577 

performed the LCI modelling and data analysis; and Roffeis M., Almeida J., Wakefield M., Fitches E. and 578 

Muys B. wrote the manuscript. 579 

Conflicts of Interest: The founding sponsors had no role in the design of the study; in the collection, 580 

analyses, or interpretation of data; in the writing of the manuscript, and in the decision to publish the results.  581 



REFERENCES 582 

Adegoke, A.T., Abioye, A.A., 2016. Improving livestock productivity: Assessment of feed resources and 583 

livestock management practices in Sudan-Savanna zones of West Africa. African J. Agric. Res. 11, 584 

422–440. doi:10.5897/AJAR2015.10460 585 

Aziz, N.A., Wahab, D.A., Ramli, R., Azhari, C.H., 2016. Modelling and optimisation of upgradability in 586 

the design of multiple life cycle products: a critical review. J. Clean. Prod. 112, 282–290. 587 

doi:http://dx.doi.org/10.1016/j.jclepro.2015.08.076 588 

Blanchard, J.L., Watson, R.A., Fulton, E.A., Cottrell, R.S., Nash, K.L., Bryndum-Buchholz, A., Büchner, 589 

M., Carozza, D.A., Cheung, W.W.L., Elliott, J., Davidson, L.N.K., Dulvy, N.K., Dunne, J.P., Eddy, 590 

T.D., Galbraith, E., Lotze, H.K., Maury, O., Müller, C., Tittensor, D.P., Jennings, S., 2017. Linked 591 

sustainability challenges and trade-offs among fisheries, aquaculture and agriculture. Nat. Ecol. Evol. 592 

2017 19 1, 1240. doi:10.1038/s41559-017-0258-8 593 

Devic, E., Leschen, W., Murray, F., Little, D.C., 2017. Growth performance, feed utilization and body 594 

composition of advanced nursing Nile tilapia ( Oreochromis niloticus ) fed diets containing Black 595 

Soldier Fly ( Hermetia illucens ) larvae meal. Aquac. Nutr. doi:10.1111/anu.12573 596 

Dortmans, B.M.A., Diener, S., Verstappen, B.B.M., Zurbrügg, C., 2017. Black Soldier Fly Biowaste 597 

Processing - A Step-by-Step Guide. 598 

FAO, IFAD, WFP., 2015. The State of Food Insecurity in the World: Meeting the 2015 international hunger 599 

targets: taking stock of uneven progress., FAO, IFAD and WFP. doi:I4646E/1/05.15 600 

Gluch, P., Baumann, H., 2004. The life cycle costing (LCC) approach: a conceptual discussion of its 601 

usefulness for environmental decision-making. Build. Environ. 39, 571–580. 602 

doi:http://dx.doi.org/10.1016/j.buildenv.2003.10.008 603 

Godber, O.F., Wall, R., 2014. Livestock and food security: Vulnerability to population growth and climate 604 

change. Glob. Chang. Biol. 20, 3092–3102. doi:10.1111/gcb.12589 605 

Godfray, H.C.J., Beddington, J.R., Crute, I.R., Haddad, L., Lawrence, D., Muir, J.F., Pretty, J., Robinson, 606 

S., Thomas, S.M., Toulmin, C., 2010. Food security: The challenge of feeding 9 billion people. 607 

Science (80-. ). 327, 812–818. doi:10.1126/science.1185383 608 

Halloran, A., Roos, N., Eilenberg, J., Cerutti, A., Bruun, S., 2016. Life cycle assessment of edible insects 609 

for food protein: a review. Agron. Sustain. Dev. 36, 1–13. doi:10.1007/s13593-016-0392-8 610 

Henry, M., Gasco, L., Piccolo, G., Fountoulaki, E., 2015. Review on the use of insects in the diet of farmed 611 

fish: past and future. Anim. Feed Sci. Technol. 203, 1–22. 612 



Herrero, M., Henderson, B., Havlík, P., Thornton, P.K., Conant, R.T., Smith, P., Wirsenius, S., Hristov, 613 

A.N., Gerber, P., Gill, M., Butterbach-Bahl, K., Valin, H., Garnett, T., Stehfest, E., 2016. Greenhouse 614 

gas mitigation potentials in the livestock sector. Nat. Clim. Chang. 6, 452–461. 615 

doi:10.1038/nclimate2925 616 

Herrero, M., Thornton, P.K., 2013. Livestock and global change: Emerging issues for sustainable food 617 

systems. Proc. Natl. Acad. Sci. 110, 20876–20881. doi:10.1613/jair.301 618 

Hollinger, F., Staatz, J.M., 2015. Agricultural Growth in West Africa Market and policy drivers, FAO and 619 

AfDB. Food and Agriculture Organization of the United Nations (FAO), Rome, Italy. 620 

Hunter, M.C., Smith, R.G., Schipanski, M.E., Atwood, L.W., Mortensen, D.A., 2017. Agriculture in 2050: 621 

Recalibrating Targets for Sustainable Intensification. Bioscience 67, 386–391. 622 

doi:10.1093/biosci/bix010 623 

IndexMundi, 2017a. Fishmeal - Monthly Price - Commodity Prices - Price Chart; Sep 2012 - Jun 2017 624 

[WWW Document]. URL http://www.indexmundi.com/commodities/?commodity=fish-625 

meal&months=60 (accessed 10.18.17). 626 

IndexMundi, 2017b. Soybean Meal - Monthly Price - Commodity Prices - Price Chart; Sep 2012 - Jun 2017 627 

[WWW Document]. URL http://www.indexmundi.com/commodities/?commodity=soybean-628 

meal&months=60 (accessed 10.18.17). 629 

Joensuu, K., Silvenius, F., 2017. Production of mealworms for human consumption in Finland: a 630 

preliminary life cycle assessment. J. Insects as Food Feed 3, 211–216. doi:10.3920/JIFF2016.0029 631 

Kenis, M., Bouwassi, B., Boafo, H., Devic, E., Han, R., Koko, G., Koné, N., Maciel-Vergara, G., Nacambo, 632 

S., Pomalegni, S.C.B., Roffeis, M., Wakefield, M., Zhu, F., Fitches, E., 2018. Small-scale fly larvae 633 

production for animal feed, in: Halloran, A., Flore, R. Vantomme, P. and Roos, N. (Eds.). Springer. 634 

In Press. 635 

Kenis, M., Koné, N., Chrysostome, C.A.A.M., Devic, E., Koko, G.K.D., Clottey, V.A., Nacambo, S., 636 

Mensah, G.A., 2014. Insects used for animal feed in West Africa. Entomologia 2, 107–114. 637 

doi:10.4081/entomologia.2014.218 638 

Koné, N., Sylla, M., Nacambo, S., Kenis, M., 2017. Production of house fly larvae for animal feed through 639 

natural oviposition. J. Insects as Food Feed 1–10. doi:10.3920/JIFF2016.0044 640 

Makkar, H.P.S., 2015. Insect meals as animal feed [WWW Document]. FAO. 641 

Makkar, H.P.S., Ankers, P., 2014. Towards sustainable animal diets: A survey-based study. Anim. Feed 642 

Sci. Technol. 198, 309–322. doi:http://dx.doi.org/10.1016/j.anifeedsci.2014.09.018 643 



Naylor, R.L., Hardy, R.W., Bureau, D.P., Chiu, A., Elliott, M., Farrell, A.P., Forster, I., Gatlin, D.M., 644 

Goldburg, R.J., Hua, K., Nichols, P.D., 2009. Feeding aquaculture in an era of finite resources. Proc. 645 

Natl. Acad. Sci. 106, 15103–15110. doi:10.1073/pnas.0905235106 646 

Payne, C.L.R., Dobermann, D., Forkes, A., House, J., Josephs, J., McBride, A., Müller, A., Quilliam, R.S., 647 

Soares, S., 2016. Insects as food and feed: European perspectives on recent research and future 648 

priorities. J. Insects as Food Feed 2, 269–276. doi:10.3920/JIFF2016.0011 649 

Peregrina, C.A., Lecomte, D., Arlabosse, P., Rudolph, V., 2006. Life Cycle Assessment (LCA) Applied to 650 

the Design of an Innovative Drying Process for Sewage Sludge. Process Saf. Environ. Prot. 84, 270–651 

279. doi:http://dx.doi.org/10.1205/psep.05169 652 

Pomalégni, S.C.B., Gbemavo, D.S.J.C., Kpadé, C.P., Kenis, M., Mensah, G.A., 2017. Traditional use of 653 

fly larvae by small poultry farmers in Benin. J. Insects as Food Feed 1–6. doi:10.3920/JIFF2016.0061 654 

Prandini, A., Pier Paolo, D., Francesca, T., Giuliana, P., Giovanni, P., Paolo, B., Antonella, D.Z., Genciana, 655 

T., Anna, D.-A., Riccardo, F., 2015. Environmental impact of insect rearing for food and feed: state 656 

of the art and perspectives. Ital. J. Anim. Sci. 14, 132. 657 

Roffeis, M., Almeida, J., Wakefield, M., Valada, T., Devic, E., Koné, N., Kenis, M., Nacambo, S., Fitches, 658 

E., Koko, G., Mathijs, E., Achten, W., Muys, B., 2017. Life Cycle Inventory Analysis of Prospective 659 

Insect Based Feed Production in West Africa. Sustainability 9, 1697. doi:10.3390/su9101697 660 

Roffeis, M., Muys, B., Almeida, J., Mathijs, E., Achten, W.M.J., Pastor, B., Velásquez, Y., Martinez-661 

Sanchez, A.I., Rojo, S., 2015. Pig manure treatment with housefly (Musca domestica) rearing – an 662 

environmental life cycle assessment. J. Insects as Food Feed 1, 195–214. 663 

doi:doi:10.3920/JIFF2014.0021 664 

Salomone, R., Saija, G., Mondello, G., Giannetto, A., Fasulo, S., Savastano, D., 2017. Environmental 665 

impact of food waste bioconversion by insects: Application of Life Cycle Assessment to process using 666 

Hermetia illucens. J. Clean. Prod. 140, Part, 890–905. 667 

doi:http://dx.doi.org/10.1016/j.jclepro.2016.06.154 668 

Sánchez-Muros, M.J., Barroso, F.G., de Haro, C., 2016. Chapter 10 - Brief Summary of Insect Usage as an 669 

Industrial Animal Feed/Feed Ingredient A2 - Dossey, Aaron T., in: Morales-Ramos, J.A., Rojas, 670 

M.G.B.T.-I. as S.F.I. (Eds.), . Academic Press, San Diego, pp. 273–309. 671 

doi:http://dx.doi.org/10.1016/B978-0-12-802856-8.00010-7 672 

Sánchez-Muros, M.J., Barroso, F.G., Manzano-Agugliaro, F., 2014. Insect meal as renewable source of 673 

food for animal feeding: a review. J. Clean. Prod. 65, 16–27. 674 



doi:http://dx.doi.org/10.1016/j.jclepro.2013.11.068 675 

Smetana, S., Palanisamy, M., Mathys, A., Heinz, V., 2016. Sustainability of insect use for feed and food: 676 

Life Cycle Assessment perspective. J. Clean. Prod. 137, 741–751. 677 

doi:http://dx.doi.org/10.1016/j.jclepro.2016.07.148 678 

Swarr, T.E., Hunkeler, D., Klöpffer, W., Pesonen, H.-L., Ciroth, A., Brent, A.C., Pagan, R., 2011. 679 

Environmental life-cycle costing: a code of practice. Int. J. Life Cycle Assess. 16, 389–391. 680 

doi:10.1007/s11367-011-0287-5 681 

Tscharntke, T., Clough, Y., Wanger, T.C., Jackson, L., Motzke, I., Perfecto, I., Vandermeer, J., Whitbread, 682 

A., 2012. Global food security, biodiversity conservation and the future of agricultural intensification. 683 

Biol. Conserv. 151, 53–59. doi:http://dx.doi.org/10.1016/j.biocon.2012.01.068 684 

United Nations, 2017. Sustainable Development Knowledge Platform - SDGs [WWW Document]. URL 685 

https://sustainabledevelopment.un.org/sdgs (accessed 4.7.17). 686 

United Nations, 2015. World Population Prospects: The 2015 Revision, Key Findings and Advance Tables. 687 

Working Paper No. ESA/P/WP.241., United Nations, Department of Economic and Social Affairs, 688 

Population Division. doi:10.1017/CBO9781107415324.004 689 

Van Huis, A., Van Itterbeeck, J., Klunder, H., Mertens, E., Halloran, A., Muir, G., Vantomme, P., 2014. 690 

Edible insects: Future prospects for food and feed security, FAO Forestry Paper. Food & Agriculture 691 

Organisation of the United Nations (FAO), Rome, Italy. 692 

van Zanten, H.H.E., Mollenhorst, H., Oonincx, D.G.A.B., Bikker, P., Meerburg, B.G., de Boer, I.J.M., 693 

2015. From environmental nuisance to environmental opportunity: housefly larvae convert waste to 694 

livestock feed. J. Clean. Prod. 102, 362–369. 695 

Vervoort, J.M., Palazzo, A., Mason-D ’croz, D., Ericksen, P.J., Thornton, P.K., Kristjanson, P., Förch, W., 696 

Herrero, M., Havlik, P., Jost, C., Rowlands, H., 2013. The future of food security, environments and 697 

livelihoods in Eastern Africa: four socio-economic scenarios. doi:http://hdl.handle.net/10568/73375 698 

Wheeler, T., von Braun, J., 2013. Climate change impacts on global food security. Science (80-. ). 341, 699 

508–513. doi:10.1126 1239402 700 

Zhou, Y., Staatz, J., 2016. Projected demand and supply for various foods in West Africa: Implications for 701 

investments and food policy. Food Policy 61, 198–212. 702 

doi:http://dx.doi.org/10.1016/j.foodpol.2016.04.002 703 

 704 


