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Abstract 12 

Because of the increasing challenges the global food system is facing on a social, economic and 13 

environmental level, and the need to meet the United Nations Sustainable Development Goals (SDGs) 14 

by 2030, agri-food systems are increasingly required to become more sustainable. Life cycle tools, such 15 

as a life cycle assessment (LCA) and life cycle cost analysis (LCC) to evaluate the environmental and 16 

economic performance respectively, play an important role in sustainability research. Contrary to LCA, 17 

the LCC methodology is not standardized for agri-food products. This study aims to obtain insights into 18 

the use of LCC in the agri-food sector using a systematic review approach. Data related to the 19 

methodology and findings of life cycle cost analyses of agri-food products were extracted from 92 20 

articles, covering a wide range of products (crops: 59, food/drinks: 22, other: 11) and purposes. 21 

Currently, there is no consensus about LCC type definitions and the definition of different types of 22 

system boundaries amongst researchers. Furthermore, these and other methodological choices are 23 

often not reported in the analyzed studies. The data collection itself can also differ across studies, 24 
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especially with regards to the inclusion of different cost categories. It is important to include each cost 25 

category since all categories have been identified as a costs hotspot in our list of studies (inputs: 84%, 26 

labor: 62%, machinery: 27%, other: 39%). Standardizing the LCC methodology is recommended to 27 

ensure comparability and enhance the scientific impact of studies. Integrating LCC results with findings 28 

from other life cycle tools, as done in 29 studies, can further support decision-making. The most 29 

common methods for integrating results are eco-efficiency analysis and multi-criteria decision analysis 30 

methods. In conclusion, it is clear that LCC is a very valuable tool, as a method on its own or 31 

complemented by other life cycle tools.        32 

 33 

Keywords: life cycle costing, economic sustainability, sustainability assessment, life cycle thinking, 34 

sustainable agri-food systems, systematic review 35 
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1. Introduction 38 

There is a need for agri-food systems to become more sustainable on a social, economic and 39 

environmental level. Considering the population growth projections and consequently the increase in 40 

food demand, reaching sustainability will be even more challenging in the future Gladek et al. (2016; 41 

(Godfray et al., 2010). Poverty, inequality, hunger and malnutrition, resource scarcity, ecosystem 42 

degradation and climate change are the result of our unsustainable food system (FAO, 2014). To tackle 43 

these challenges and meet the United Nations Sustainable Development Goals (SDGs) by 2030, the 44 

transformation of the agri-food sector will be crucial (Djekic et al., 2021). Therefore, the ability to 45 

measure and compare the sustainability of different food and processing options is important (Darton, 46 

2015). To assess sustainability, multiple tools have been developed, including life cycle tools, which 47 

seem to play an important role in sustainability research (Notarnicola et al., 2017; Sala et al., 2013a; 48 

Sala et al., 2013b). Life cycle assessment (LCA), for example, is a well-established method to assess 49 

environmental sustainability over the entire product’s life cycle in a wide range of different sectors 50 

(Guinée et al., 2011). The LCA tool has been used extensively to assess the environmental sustainability 51 

of agricultural products, food products, food processing technologies, food waste and bioenergy (Gava 52 

et al., 2019; Notarnicola et al., 2017; Omolayo et al., 2021; Roos and Ahlgren, 2018; Silva and Sanjuán, 53 

2019). Thereby, different impact categories are often distinguished, e.g. global warming potential, land 54 

use, acidification, eutrophication,… (Meier et al., 2015).  55 

More recently, researchers have started to include economic sustainability in the life cycle thinking 56 

framework (Norris, 2001), using life cycle cost analysis (LCC), also known as life cycle costing. This tool 57 

can be used for decision-making or for identifying economic hotspots to potentially decrease the 58 

product’s life cycle costs (Hunkeler et al., 2008). The Society of Environmental Toxicology and 59 

Chemistry (SETAC) distinguishes three different types of life cycle cost analyses: conventional LCC, 60 

environmental LCC and societal LCC (Hunkeler et al., 2008). In contrast to conventional LCC, where 61 

typically only the direct costs covered by one actor are taken into account, the environmental LCC 62 
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considers all costs over the product’s life cycle for one or more actors, including the costs of 63 

internalized or soon-to-be-internalized externalities (Hoogmartens et al., 2014; Hunkeler et al., 2008). 64 

Societal LCC takes all costs, including externalities, for all actors that are directly or indirectly affected 65 

by the production, into account (Hoogmartens et al., 2014; Hunkeler et al., 2008). Environmental LCC 66 

can be used in combination with LCA, if the same system boundaries and functional unit is used 67 

(Hunkeler et al., 2008; Kloepffer, 2008; Swarr et al., 2011). While the LCA methodology has been 68 

standardized and can be applied to any product (ISO, 2006a; ISO, 2006b), the LCC methodology has 69 

only been standardized for petroleum, gas, buildings and constructed assets (ISO, 2008; ISO 2021). 70 

Currently, there is no international standard available for the life cycle cost analysis of agricultural and 71 

food products. Recent reviews of life cycle costing of food waste management and life cycle costing in 72 

urban agriculture have found inconsistencies within the methodological aspects of LCC (De Menna et 73 

al., 2018; Peña and Rovira-Val, 2020). In conclusion, insights into the methodological framework for 74 

LCC in the agri-food sector are needed. 75 

Even though the - rather standardized - use of LCA for agri-food systems still faces some challenges 76 

(e.g. comparability of studies, LCA does not capture all aspects necessary for sustainability,…) (Baldini 77 

et al., 2017; Notarnicola et al., 2017; Schau and Fet, 2008), it is well-established, unlike the use of LCC 78 

in agri-food systems. To address this gap, a systematic review of life cycle cost analyses of agri-food 79 

products will be conducted. This paper aims to identify the current issues related to the LCC 80 

methodology and to get a better understanding of the methodological framework of life cycle costing 81 

in the agri-food sector. Furthermore, methodological suggestions for future LCC studies will be 82 

formulated. To our knowledge, such a systematic review of life cycle cost analyses in the agri-food 83 

sector does not exist, except for the aforementioned reviews on two specific agri-food domains, i.e. 84 

food waste (De Menna et al., 2018) and urban agriculture (Peña and Rovira-Val, 2020). This systematic 85 

review will further differ from existing reviews in the fact that it (1) uses a different methodological 86 

approach (systematic) and (2) includes all studies conducting a life cycle cost analysis of food or 87 

agricultural products instead of focusing on food waste or urban agriculture only. The next section of 88 
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the paper explains the methodology that is used for this systematic review. The third section focuses 89 

on the results and compares them to existing literature. Finally, the last section will contain the 90 

conclusions. 91 

2. Material and methods 92 

2.1. Article selection 93 

The database Scopus and Web of Science were used to search for relevant articles in June 2022. The 94 

syntax that was used to search for relevant literature consisted of two parts. The first part of the syntax 95 

had to identify all life cycle costing studies and therefore consisted of LCC and all its synonyms: “Life 96 

Cycle Cost*” OR “LCC” OR “production cost* analysis” OR (economic AND (“life cycle sustainability 97 

assessment” OR LCSA)). The second part of the syntax had to identify all agri-food related studies, 98 

including beer and other beverages: food OR feed OR agri* OR agro* OR crop* OR farm* OR livestock 99 

OR beer OR beverage*. The word “beer” was added to the syntax to include a highly cited paper 100 

(Amienyo and Azapagic, 2016) that was found during a preliminary search to define the study’s scope. 101 

Since the aim of this systematic review is to get insights into the methodological framework of life cycle 102 

cost analysis in the agri-food sector, both parts of the syntax had to be present for an article to be 103 

selected. The search resulted in 1347 papers from Scopus and 1882 papers from Web of Science, which 104 

were later transferred into one database using EndNote software.  105 

2.2. Article screening 106 

To identify all relevant articles, specific inclusion criteria were used. All peer-reviewed articles 107 

conducting a life cycle cost analysis in the agri-food sector, either as an independent study, or in 108 

conjunction with a life cycle assessment, or as part of a life cycle sustainability assessment, were 109 

included. Furthermore, the article had to be written in English, accessible, the life cycle costing method 110 

had to be explicitly mentioned and the article had to cover the production of food, feed, bio-energy or 111 

other agricultural products. Articles published before 2000 were excluded. In addition, studies that 112 
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focused exclusively on waste without including the agricultural or food production phase (e.g. 113 

production of biogas), were excluded. Review articles and articles that did not include a case study 114 

(e.g. articles focusing on methodology) were also excluded. The identification of all relevant studies 115 

was done by using a screening process based on the PRISMA flow diagram (Moher et al., 2009), as 116 

depicted in Fig. 1. Initially, all papers retrieved from Scopus and Web of science were transferred into 117 

one database using EndNote software, and duplicates were removed (819). Subsequently, articles 118 

were screened based on their titles, which led to the exclusion of 1935 articles because they did not 119 

consider the LCC of agri-food products. Next, 306 articles were excluded based on their abstracts, and 120 

4 more papers were excluded based on the accessibility. The remaining 165 papers were screened in-121 

depth. Based on the inclusion criteria, 73 papers were excluded during full paper screening (e.g. no 122 

case study, focus on food packaging, LCC not explicitly mentioned,…). As a result, 92 relevant papers 123 

were included for data extraction.     124 

2.3. Data extraction 125 

All relevant information was extracted from the papers by using data extraction sheets. Three 126 

extraction sheets were developed to gather information on methods, findings and quality. First, 127 

general information like authors, title, publication year, database, journal, country, and product type 128 

was extracted. Next, all relevant information regarding the LCC methodology was extracted. This 129 

included information on the goal of the LCC, functional unit, system boundaries, included stakeholders, 130 

data source, discount rate, sensitivity analysis, included costs, visual reporting, use of other economic 131 

parameters, use of other life cycle tools and whether results of these tools are integrated with LCC 132 

results. As for the data extraction sheet on findings, information on cost hotspots and main conclusions 133 

from LCC and other life cycle tools (e.g. LCA and social LCA) were gathered. A final data extraction sheet 134 

was developed to assess the quality of the selected studies. The yes/no questions in this sheet were 135 

based on existing critical appraisal checklists for economic evaluation from the Joanna Briggs Institute 136 
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(JBI) (Gomersall et al., 2015) and the Scottish Intercollegiate Guidelines Network (SIGN) (Sutherland et 137 

al., 2015).  138 

 139 

Fig. 1. Screening process, based on the PRISMA flow diagram (Moher et al., 2009), to identify all 140 

relevant studies. 141 

Articles identified through Web of 

Science (n = 1882) 

Articles identified through Scopus 

(n = 1347) 

Articles after duplicates removed 

(n = 2410) 

Articles included based 

on title (n = 475) 

Articles excluded based 

on title (n = 1935) 

Articles included based 

on abstract (n = 169) 

Articles excluded based 

on abstract (n = 306) 

Full-text articles 

assessed for eligibility 

(n = 165) 

Articles included in the 

review 

(n = 92) 

Articles excluded based 

on accessibility (n= 4) 

Full-text articles excluded 

(n= 73) 



8 
 

3. Results and discussion 142 

3.1. Study characteristics 143 

In total, relevant data was extracted from 92 articles. The articles were published in a wide range of 144 

different journals, from journals focusing directly on life cycle assessment (e.g. 6 articles in the 145 

International Journal of Life Cycle Assessment) to journals with a broader scope like the Journal of 146 

Cleaner Production (20 articles), Sustainability (12 articles) and Science of the Total Environment (5 147 

articles). The number of published LCC studies has increased significantly over the recent years. Only 148 

9 LCC studies were published from 2008 (oldest studies in dataset)-2013. During the period 2014-2016 149 

15 studies were published, while 26 studies were published from 2017-2019. During the last 2 years 150 

and a half (2020-2022) 42 LCC papers got published, showing the increased interest of the scientific 151 

community in life cycle thinking. Most studies (66) perform a life cycle cost analysis in Europe. Life 152 

cycle costing studies have been focusing mainly on Italian agri-food products (28 articles). After Italy, 153 

most LCC research has been conducted in the United Kingdom (7 articles). Most of the papers (59) deal 154 

with agricultural products, of which 30 articles focus on perennials, 22 on annual crops and 7 papers 155 

focus on both perennials and annuals. Regarding the product type, 19 papers focus on food products, 156 

2 on beverages and 1 paper focuses on a food product and beverage. The remaining papers perform 157 

an LCC on livestock (8 studies) or other products (3 studies; investment in poultry shed, investment in 158 

beekeeping infrastructure, feed). 159 

3.2. Methodological aspects 160 

3.2.1. Goal and scope of life cycle costing studies 161 

Most LCC studies (54 studies) compare 2 or more different production scenarios, for example, the 162 

organic versus conventional production of olives (Iofrida et al., 2020). Eight papers compare the life 163 

cycle costs of different products based on specific production scenarios, for example, the organic and 164 

conventional production of both oranges and lemons (Pergola et al., 2013). Fifteen papers focus on 165 
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the comparison of the life cycle costs of different products like the study from Wagner et al. (2019b), 166 

in which biogas costs are compared to the costs of fossil fuel. Apart from this, 15 papers neither 167 

compare products nor production scenarios. Following these observations, it can be stated that life 168 

cycle costing can be used for different purposes, such as choosing between different options or 169 

evaluating the life cycle cost of 1 specific product. 170 

The type of LCC is not mentioned in 61 papers (Fig. 2). In the studies that mention the type of LCC (31, 171 

one paper applies 2 different types of LCC), conventional LCC is most often referred to (21 papers), 172 

followed by environmental LCC (9 papers) and finally societal LCC (2 papers). For the societal LCC, the 173 

social cost of externalities, in this case from atmospheric pollutants (Blanc et al., 2019) and air, water, 174 

soil pollutants, indirect land use change and transport (Albizzati et al., 2021), were added to the 175 

conventional costs. The lack of studies including a societal life cycle cost analysis might be caused by 176 

the difficulties associated with conducting a societal LCC, such as the risk of double counting (when 177 

LCA is complemented by LCC, the costs of environmental externalities should not be included in the 178 

LCC) and methodological difficulties with regards to internalizing externalities (which externalities 179 

should be internalized?, how can externalities be internalized?, etc.) (Neugebauer et al., 2016). 180 

According to the Society of Environmental Toxicology and Chemistry (SETAC), environmental LCC takes 181 

the costs over the complete life cycle of a product for one or more actors, including the soon-to-be-182 

internalized externalities, into account and is complemented by an LCA (Hunkeler et al., 2008). In 183 

contrast, a conventional LCC takes the costs over the product’s life cycle, excluding the end-of-life 184 

phase, for one actor into account and is not accompanied by an LCA (Hunkeler et al., 2008). The 185 

definition for conventional and environmental LCC, given by e.g. Hunkeler et al. (2008), is often not 186 

followed in the analyzed studies. For example, both types are often accompanied by a life cycle 187 

assessment (all articles using environmental LCC and 17 out of 21 articles for conventional LCC). As a 188 

result, there is no clear distinction between LCC types. This finding is in line with the results of the 189 

review paper from De Menna et al. (2018). Most papers conducting an environmental LCC take the 190 

consumption phase and end-of-life costs (cradle-to-grave) into account, except for Florindo et al. 191 
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(2017) and García-Herrero et al. (2022). On the contrary, papers conducting a conventional LCC do not 192 

consider the consumption phase and end-of-life costs (cradle-to-gate), except for Albizzati et al. (2021). 193 

In conclusion, there is a need for standardized definitions for the different LCC types, which researchers 194 

can follow when conducting an LCC. 195 

Three papers do not explicitly mention a functional unit (Fig. 2) but calculate the total cost of a firm 196 

over the entire production facility’s lifetime (Koričan et al., 2022; Le Feon et al., 2021; Strano et al., 197 

2015). In the papers that express the life cycle costs per functional unit, mass (56 papers; e.g. costs per 198 

kg) and area (28 papers; e.g. costs per ha) are most often used (Fig. 2). Only 15 studies calculate the 199 

life cycle costs for more than one functional unit. The functional unit should be carefully chosen since 200 

the life cycle costs might differ significantly depending on the functional unit (e.g. yield impacts the life 201 

cycle costs per kg, while it does not impact the life cycle costs per ha) (Fenollosa et al., 2014; Tamburini 202 

et al., 2015), which is why the use of more than 1 functional unit might be recommended.  203 

Surprisingly, the system boundaries used to conduct a life cycle cost analysis are often not explicitly 204 

mentioned (29 papers) (Fig. 2). For the studies that mention the system boundaries, a cradle-to-gate 205 

approach is most often used (38 papers), followed by a cradle-to-grave approach (17 papers) and some 206 

other approaches like for example a cradle-to-fork approach. The differences between these 207 

approaches are not always clearly defined in the studies. For example, a study claiming to include the 208 

whole life cycle of a product (cradle-to-grave), does not include the transformation, distribution and 209 

consumption phase (De Gennaro et al., 2012), in contrast to other studies. These discrepancies 210 

between studies make it more difficult to compare results. Some authors use approaches similar to 211 

cradle-to-gate and cradle-to-grave but name them differently, like cradle-to-use (Baquero et al., 2011), 212 

cradle-to-fork (Sanyé-Mengual et al., 2018), cradle-to-consumer (Sanyé-Mengual et al., 2015), cradle-213 

to-retail (Verduna et al., 2020) and cradle-to-market (Zhen et al., 2020).  214 

Finally, 63 studies consider only one actor (e.g. farmer or processor) in the value chain, as compared 215 

to 29 articles that consider multiple actors (e.g. farmer + processor, processor + consumer, farmer + 216 
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processor + consumer) for life cycle cost calculation (Fig. 2). The life cycle costs assigned to the 217 

cultivation phase of agri-food products are targeted in 52 studies. Besides the cultivation phase, the 218 

costs assigned to the processing phase (8 studies), distribution phase (1 study), consumption phase (2 219 

studies) or a combination of multiple phases in the value chain (29 studies) are considered in the 220 

literature as well. The necessity of including multiple phases depends on the goal and focus of the 221 

study. No significant differences are observed for these methodological aspects when comparing older 222 

studies with studies that have been published more recently. 223 

  224 

  225 

Fig. 2. Number of studies according to LCC type, functional unit, system boundaries, included number 226 

of stakeholders and included life cycle phase. *volume, 1 meal, annual consumption, energy, power 227 

needed for 1km of driving. **cradle-to-use, cradle-to-fork, cradle-to-consumer, cradle-to-market. 228 

3.2.2. Life cycle costing data 229 

Both primary (69 studies) and secondary (73 studies) data are used to calculate a product’s life cycle 230 

cost (Fig. 3). Primary data is gathered directly from stakeholders, for example, the farmer or processor, 231 
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while secondary data sources consist of life cycle inventory databases like Ecoinvent, which is used in 232 

most papers, agricultural databases and data from scientific papers. In more than half of the studies 233 

(50), primary data is collected and complemented by secondary data where necessary. Concerning the 234 

primary data, a wide variety of sample sizes was used to calculate life cycle costs, ranging from 1 to 235 

213. The sampling method is not specified in most papers, except for the method in De Luca et al. 236 

(2014) (non-probability sampling), Jirapornvaree et al. (2021) (non-probability sampling), Li et al. 237 

(2021) (random sampling), Omran et al. (2021) (simple random sampling), Pergola et al. (2013) 238 

(stratified sampling) and Stillitano et al. (2016) (stratified sampling). If possible, the use of a larger 239 

sample size is more appropriate since it will give a better representation of the average life cycle cost. 240 

Additionally, data from multiple seasons/ years is preferred for a more representative average cost 241 

and to control for seasonal fluctuations in yield and external factors that influence the productivity (De 242 

Luca et al., 2014; De Luca et al., 2018b; Falcone et al., 2016). A similar number of studies consider 243 

multiple seasons or years (19 studies) and only one season or year (17), while in most papers (56) this 244 

is not mentioned or irrelevant (Fig. 3).  245 

  246 

Fig. 3. Number of studies based on to the used data source, time horizon, application of discounting, 247 

and application of a sensitivity analysis. 248 
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Less than half of the studies discount future cash flows to deal with the time value of money (Fig. 3). 249 

The discount rate ranges from 1,12% to 12,5%. For a third of the studies, there is no explanation given 250 

for the choice of discount rate. In general, agricultural investments are considered as low risk, which 251 

is why a low discount rate is used (Mohamad et al., 2014; Stillitano et al., 2016). Higher discount rates 252 

are used if the investment risk is perceived to be higher, for example for urban plant factories (Liaros 253 

et al., 2016). The result of using a high discount rate is that the net present value will be lower. 254 

Discounting should only be used if future cash flows are expected, which is not the case for annual 255 

crops. Furthermore, papers focusing on food or beverage production without considering investment 256 

costs for machinery and equipment, did not apply discounting (e.g., Amienyo and Azapagic (2016) and 257 

Konstantas et al. (2019)).  If investment costs are considered and cash flows are calculated for multiple 258 

years or the entire lifetime of a project, discounting is applied (e.g. in Strano et al. (2015)).  259 

Almost half of the studies (44) conduct a sensitivity analysis to deal with uncertain data (Fig. 3). A 260 

sensitivity analysis can be done by manually varying certain parameters (e.g. yield, discount rate,… 261 

(Falcone et al., 2016; Kim et al., 2018)) or by statistically running Monte Carlo simulations (Canaj et al., 262 

2021b; De Gennaro et al., 2012; Konstantas et al., 2019; Olba-Ziety et al., 2022; Roselli et al., 2020) to 263 

see the effect on the final life cycle cost of the product. 264 

All LCC studies included the costs of inputs, for instance raw materials, water and fuel (Fig. 4). Most 265 

studies also include labor (72) and machinery (64) as costs (Fig. 4). In contrast, machinery is often not 266 

included in life cycle assessment studies due to the lack of data (Silva and Sanjuán, 2019). In some 267 

articles, it is not clear if labor and machinery are included because no details on the included costs are 268 

given (e.g. Rivera and Azapagic (2016)). Other costs related to, for example, taxes, insurance, services, 269 

interests, land capital, and food losses, are also included in most articles (67) (Fig. 4). No significant 270 

differences are observed for the inclusion of the different cost categories when comparing older 271 

studies with studies that have been published more recently. The cost of (some) externalities is only 272 

considered in 12 studies (Albizzati et al., 2021; Blanc et al., 2018; Blanc et al., 2019; Canaj et al., 2021a; 273 
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Canaj et al., 2021b; Dobon et al., 2011; Moosavi-Nezhad et al., 2022; Rahmah et al., 2022; Ribeiro et 274 

al., 2018; Ruviaro et al., 2020; Saber et al., 2020; Smith and Lal, 2022) (Fig. 4). Most of the papers (8) 275 

only include the societal/environmental cost of atmospheric pollutants since the costs for those have 276 

been quantified in previous studies and are more established (lower degree of uncertainty) than the 277 

costs of other environmental indicators (Yang et al., 2022) (e.g. emission costs validated by the US 278 

government (Smith and Lal, 2022)). The remaining papers (4) included more externalities in the LCC 279 

than only the atmospheric pollutants, for example water pollutants, soil pollutants, externalities of 280 

transport and land use change (Albizzati et al., 2021), all environmental indicators from the LCA (Canaj 281 

et al., 2021a; Canaj et al., 2022) and noise (Dobon et al., 2011). To calculate the costs of these 282 

externalities most studies multiplied LCA results with cost values from literature, while Blanc et al. 283 

(2018) and Blanc et al. (2019) used the value of a life year (VOLY) approach to calculate the costs of 284 

externalities to society. According to the review paper from Amadei et al. (2021) there is a lack of 285 

recent research regarding the monetary valuation of LCA results. The monetization of LCA results can 286 

be done by using different methodologies, e.g. observed preferences (market price), revealed 287 

preferences, stated preferences, budget constraint and abatement cost, each having its own strengths 288 

and weaknesses (Amadei et al., 2021; Arendt et al., 2020; Pizzol et al., 2015). The monetary values of 289 

LCA results vary a lot across different studies (Arendt et al., 2020), leading to difficulties when 290 

comparing results. If the LCC is complemented by an LCA and the costs of externalities are included, 291 

there is a risk of double-counting environmental or social indicators (Hunkeler et al., 2008), which 292 

should be avoided. There is no clear case of double-counting in the 12 studies including externalities. 293 

More details about the included cost types for each study can be found in Table 2. When comparing 294 

the included cost categories per product type, studies regarding the life cycle costs of perennial crops 295 

generally include most cost types. Each cost category is included in at least 72% of the studies. For 296 

studies focusing on annual crops and food products/beverages, each category is included in around 297 

60-70% and 45-70% of the studies, respectively, except for the category “inputs”, which is included in 298 

all studies. The 8 studies concerning livestock include all cost types, except for the category “other”, 299 
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which is only included in 6 studies. The remaining 3 studies, focusing on feed, the investment in a 300 

poultry shed and beekeeping, include most cost categories. 301 

More than 65% of the studies consider revenues to calculate the profitability of the product, aside 302 

from the calculation of the life cycle cost of a particular product. Thirty-eight papers calculate 1 or 303 

more economic evaluation parameter(s). The net present value (NPV) is used in most cases (24), 304 

followed by the internal rate of return (IRR) (14). In some studies, other economic parameters like 305 

added value and payback period, are calculated.   306 

3.2.3. Life cycle costing integrated with other life cycle tools 307 

Out of 92 published studies reviewed in this systematic review, 72 studies concerning LCC also include 308 

other life cycle tools, like LCA (71) and social LCA (sLCA) (13). For these studies, LCC, LCA and sLCA are 309 

performed individually based on the same functional units and system boundaries. However, it is 310 

rather uncommon that researchers integrate the results from these assessments. Only 29 papers use 311 

an integrated approach to present LCA and LCC results together (Table 1). In this dataset, sLCA was 312 

never conducted before 2017, while almost half of the studies did a life cycle assessment. Around 20% 313 

of the studies before 2017 integrated the results from both assessments. More recently (from 2017 314 

onwards), studies have increasingly conducted LCA (>80%) and sLCA (15-27%), and have started to 315 

integrate the results of multiple life cycle tools (around 30%). These results show that a more 316 

comprehensive sustainability assessment, focusing on the 3 pillars of sustainability, is starting to gain 317 

more attention from researchers. 318 

Life cycle assessment is performed for different agri-food products to evaluate the ecological impacts 319 

of the product. The common goal of all the research is to find possible ways to reduce environmental 320 

and economic impacts and highlight further optimization potential. Many different methods can be 321 

used to integrate LCC and LCA results. Eco-efficiency analysis, which combines the economic index with 322 

environmental burden indices (World Business Council for Sustainable Development, 2006) (Eco-323 

efficiency = (Product value)/(Environmental impact)), and multi-criteria decision-making methods are 324 
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mostly used within the list of studies (Table 1). To calculate the eco-efficiency different indicators are 325 

used for the economic (e.g. LCC, profit) and environmental (e.g. GWP, multiple indicators) part of the 326 

formula. Multi-criteria decision-making methods in combination with life cycle thinking methods have 327 

been identified as valuable in the review paper from De Luca et al. (2017). It can be concluded that the 328 

integration of economic and environmental results is still limited but can be very valuable from a 329 

research point of view but also for policy-makers and industry for decision-making.  330 

Table 1. References that integrate LCC and LCA results, the methodology used for integrating and the 331 

visual reporting style for results. 332 

Reference Methodology for integrated results Visual reporting style 

Valente et al. (2020); Zira et al. (2021) The sustainability framework/ LCSA 

framework 

Radar chart 

Baum and Bienkowski (2020); Canaj et 

al. (2021b); Sanyé-Mengual et al. 

(2018); Zhen et al. (2020); Laso et al. 

(2018); Konstantas et al. (2019); 

Konstantas et al. (2020); Pari et al. 

(2022); Pari et al. (2020); Pexas et al. 

(2021) 

 

Eco-efficiency analysis Scatter plots; Bar chart; Table; Heat map 

Albizzati et al. (2021); Chen and 

Holden (2018) 

 

Multi-criteria analysis – No specific 

method mentioned 

Radar chart 

De Luca et al. (2018a) 

 

Multi-criteria analysis - Analytic 

Hierarchy Process (AHP) 

Pie chart, Bar chart 

Dobon et al. (2011) 

 

Sustainability analysis (LCA + LCC + 

Willingness to Pay) 

Table 

Ekener et al. (2018) 

 

Multi-criteria analysis – Multi-

Attribute Value Theory 

Table; bar chart 

Falcone et al. (2016); Florindo et al. 

(2020) 

 

Multi-criteria analysis – VIKOR 

method 

Scale chart using Composite Index of 

Sustainability; Table 

Le Feon et al. (2021) 

 

Multi-criteria analysis – DEXi method Table, radar chart 

Ribeiro et al. (2018) 

 

Social Return on Investment (SROI) Color scale 

Rivera and Azapagic (2016) 

 

Quantitative approach A combined heat map 

Tamburini et al. (2015); Canaj et al. 

(2021a); Canaj et al. (2022) 

 

Semi-quantitative approach Table; bar chart 

Wohner et al. (2020) 

 

Technique for Order by Similarity to 

Ideal Solution (TOPSIS) 

Bar chart and color matrix 

Zortea et al. (2018) 

 

Dashboard of Sustainability (DoS) Windrose diagram with sustainability 

indicators 
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Brandão et al. (2010); Omran et al. 

(2021) 

No specific name Line chart; Bar chart 

 333 

3.3. Critical appraisal 334 

All studies have a clear research objective, with the majority (90) also having a clear economic 335 

importance. For 19 studies it is not entirely clear which costs are included and which are not. For those 336 

who clearly described the included costs, 57 studies included all cost categories, while 16 studies did 337 

not. Discounting has been applied in 37 studies. Fifty of the remaining studies did not apply discounting 338 

because there were no future cash flows (n.a. in Table 1 in appendix), while 5 studies did not consider 339 

the time value of money (no in Table 1 in appendix). Almost half (44) of the studies conducted a 340 

sensitivity analysis. Finally, most of the studies (77) clearly describe the economic results. The quality 341 

aspect with the worst score is the sensitivity analysis, while the other aspects score relatively well. 342 

Most studies (59) score at least 80% on the checklist for quality evaluation, which corresponds to 5 343 

stars (Table 1 in appendix). Twenty studies score between 60 and 80% (4 stars). Twelve studies get 3 344 

stars (40-60%) and finally only 1 study scores 2 stars (20-40%). It can be concluded that most studies 345 

have a high quality. However, some methodological aspects, discussed in section 3.2., are also 346 

important indicators for the quality of LCC studies (e.g. clear LCC type and clear system boundaries). If 347 

these methodological aspects would have been included for quality appraisal, the quality of many 348 

papers would have been lower. When conducting a life cycle costing study, all these aspects should be 349 

considered to develop a high-quality study.  350 

3.4. Reporting and findings 351 

Life cycle costing is applied to a wide range of different agri-food products. For some studies, the goal 352 

is to identify cost hotspots and to explore if the production is economically profitable, while other 353 

studies compare products or production scenarios. Findings are most often visually reported by the 354 

use of tables (59 studies), followed by column or bar charts (39). Other charts for visually representing 355 
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the findings are also used, for example, line charts, pie charts and scatter plots. In almost 30% of the 356 

studies, a combination of different reporting methods is used. 357 

3.4.1. Economic hotspots 358 

Out of 92 studies, 55 identified the economic hotspots (most significant costs) for specific agri-food 359 

products, while the remaining studies did not give any details or used a different cost typology (e.g. 360 

total cost for each activity/ stakeholder instead of dividing costs into the categories “inputs”, “labor”, 361 

“machinery” and “other”). Out of the 55 studies that identified hotspots, inputs, like raw materials, 362 

fertilizer, fuel, etc., were identified as a cost driver in 46 studies (84%; Fig. 4). Labor and machinery 363 

were identified as main cost drivers in 26 and 11 studies, respectively. Finally, 15 studies identified 364 

other main hotspots like for example costs related to land and end-of-life costs (Florindo et al., 2017; 365 

Lask et al., 2020; Ruviaro et al., 2020; Stillitano et al., 2019; Strano et al., 2017; Zhen et al., 2020; Zortea 366 

et al., 2018). If labor, machinery and other costs are considered in the study and economic hotspots 367 

are identified, they are cost drivers in 62% (26 out of 42 studies), 27% (11 out of 41 studies) and 39% 368 

(15 out of 38 studies) of the studies, respectively. Considering this result, it is clear that each cost 369 

category should be considered in future life cycle costing studies of agri-food products.  370 
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Fig. 4. Number of studies that include inputs, labor, machinery and other costs in the LCC analysis 372 

and number of studies that identified inputs, labor, machinery and other costs as an economic 373 

hotspot. 374 

When comparing the cost hotspots for each product category, it is clear that inputs are an important 375 

cost driver for all products (Table 2). Inputs are identified as a hotspot in all studies focusing on annual 376 

crops, while for perennials, food products/ beverages and livestock production, input costs are a 377 

significant cost in 89%, 69% and 50% of the studies. For the remaining 3 studies, inputs are identified 378 

as a cost hotspot in only 1 study regarding the production of feed. Labor seems to be an important 379 

cost driver for agricultural products and food/ beverages (hotspot in 57-70% of the studies) and less 380 

important for livestock production (hotspot in 25% of studies). Machinery contributes less to the total 381 

life cycle cost of agricultural products, food/ beverages and livestock production (hotspot in 0-25% of 382 

studies). Finally, the cost type “other” was often (in 30-55% of the studies) identified as an economic 383 

hotspot among the different product categories.  384 

Table 2. Included cost types and identified costs hotspots in the 92 LCC studies. x: cost type included, 385 

x*: cost type identified as a hotspot. 386 

PRODUCT INCLUDED COSTS 

  inputs labor machinery other externalities 

Annual crop 
    

  

Baquero et al. (2011) x x x x   

Baum and Bienkowski (2020) x* x x x   

Brandão et al. (2010) x* 
 

x 
 

  

Canaj et al. (2021a) x*    x* 

Canaj et al. (2022) x*  x  x* 

Dorr et al. (2017) x* 
   

  

Ekener et al. (2018) x x x   

Escobar et al. (2022) x* x* x* x  

Fenollosa et al. (2014) x* x* x* 
 

  

Holka (2020) x x x x  

Holka and Bieńkowski (2020) x* x x* x  

Hong et al. (2015) x* x* x x*   

Jirapornvaree et al. (2021) x x x x  

Kim et al. (2018) x* 
 

x x   

Lask et al. (2020) x* x x x*   
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Liaros et al. (2016) x* x x x   

Lokesh et al. (2019) x* x* 
  

  

Moosavi-Nezhad et al. (2022) x x x   

Moungsree et al. (2022) x*     

Pattanaik et al. (2020) x* x x x  

Saber et al. (2020) x 
   

x 

Sanyé-Mengual et al. (2018) x* 
   

  

Sanyé-Mengual et al. (2015) x* x* x x   

Schulte et al. (2021) x     

Tamburini et al. (2015) x* x* x x   

Tziolas and Bournaris (2019) x x x x   

Venanzi et al. (2018) x* x* x x   

Zhen et al. (2020) x* x* x x*   

Zortea et al. (2018) x* x   x*   

Perennial crop 
    

  

Blanc et al. (2018) x x x x x 

Blanc et al. (2019) x* x* x x x 

Bosona et al. (2019) x x x x   

Brandão et al. (2010) x* 
 

x 
 

  

Canaj et al. (2021a) x*    x* 

Canaj et al. (2021b) X*  x   

De Gennaro et al. (2012) x x 
  

  

De Luca et al. (2018a) x* x* x* x   

De Luca et al. (2014) x x 
 

x   

Falcone et al. (2016) x* x* x* x*   

García-Herrero et al. (2022) X* x x x  

Hanif et al. (2016) x* x x x   

Iofrida et al. (2020) x* x* x x   

Lask et al. (2020) x* x x x*   

Lee et al. (2021) x* x x x*  

Lerkkasemsan and Achenie (2013) x x x x   

Lokesh et al. (2019) x* x* 
  

  

Luo et al. (2009) x 
 

x 
 

  

Mohamad et al. (2014) x x 
 

x   

Nguyen et al. (2008) x x x x   

Olba-Ziety et al. (2022) x* x* x*   

Omran et al. (2021) x* x* x* x  

Pari et al. (2022) x x  x  

Pari et al. (2020) x x  x  

Pergola et al. (2013) x x x x   

Rahmah et al. (2022) x x* x x x 

Roselli et al. (2020) x x 
 

x   

Schulte et al. (2021) x     

Smith and Lal (2022) x x x x x 

Soldatos (2015) x x x x   

Stillitano et al. (2016) x* x* x* x   

Strano et al. (2017) x x* x x*   

Styles et al. (2008) x 
  

x   
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Tamburini et al. (2015) x* x* x x   

Tziolas and Bournaris (2019) x x x x   

Wagner et al. (2019a) x x x x   

Wagner et al. (2019b) x* x x x*   

Food/beverage 
    

  

Albizzati et al. (2021) x x x x x 

Amienyo and Azapagic (2016) x* 
  

x   

Cacace et al. (2020) x* x x* x*   

De Luca et al. (2018b) x x 
 

x*   

Dobon et al. (2011) x x x x x 

Falcone et al. (2017) x* x* 
 

x   

García-Herrero et al. (2021) x x*  x  

Garcia-Herrero et al. (2019) x x* x x*   

Gosalvitr et al. (2021) x*  x x  

Iotti and Bonazzi (2014) x x x x   

Konstantas et al. (2019) x* 
   

  

Konstantas et al. (2020) x* 
   

  

Laso et al. (2018) x 
  

x   

Li et al. (2021) x* x*    

Ribeiro et al. (2018) x* x* x x x 

Rivera and Azapagic (2016) x* 
   

  

Ruviaro et al. (2020) x* 
  

x* x 

Stillitano et al. (2019) x x x* x*   

Valente et al. (2020) x x* x   

Verduna et al. (2020) x* x* x x  

Wohner et al. (2020) x     x   

Zira et al. (2021) x x    

Livestock 
    

  

Chen and Holden (2018) x* x x x   

Diaz et al. (2021) x x x x  

Florindo et al. (2020) x x* x 
 

  

Florindo et al. (2017) x* x x x*   

Geß et al. (2022)   x x x x  

Koričan et al. (2022) x x x*   

Le Feon et al. (2021) x x x x  

Pexas et al. (2021) x x x x  

Feed 
    

  

Roffeis et al. (2018) x* x* x     

Poultry shed 
    

  

Boggia et al. (2019) x x x x   

Beekeeping 
    

  

Strano et al. (2015) x x x x   

 387 
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3.4.2. Comparison of studies 388 

To discuss LCC results, comparable studies were grouped into 4 categories: organic vs. conventional, 389 

bio-energy vs. fossil fuel, innovative vs. conventional and valorization of byproducts vs. no valorization 390 

(Table 3). Studies which did not fit in any of the categories (42) will not be discussed. The comparison 391 

between conventional and organic production is frequently made in life cycle costing studies 392 

concerning agricultural products. There is no clear consensus between studies about which production 393 

technique scores best economically and environmentally. For example, Mohamad et al. (2014) found 394 

that the conventional scenario for olive production had the lowest life cycle cost, while the organic 395 

scenario scored best on an environmental level.  Pergola et al. (2013) identified the organic production 396 

of lemon and oranges as the least costly and most environmentally sustainable scenario. In the study 397 

from Falcone et al. (2016) the conventional production scenario for vineyards was considered as the 398 

least costly and most environmentally sustainable. The production scenario with the lowest life cycle 399 

costs is not necessarily the most profitable, since there is often a higher selling price for organic 400 

products. The comparison of bio-energy from different sources with fossil fuel is also regularly made 401 

within the LCC studies. Despite the consensus about the environmental benefits of bio-energy 402 

compared to fossil fuel, there is no agreement on the least costly option (bio-energy versus fossil fuel) 403 

(e.g. contradictory results in Lerkkasemsan and Achenie (2013) and Hanif et al. (2016)). In many 404 

studies, agricultural innovations or innovations in the food industry are compared with the 405 

conventional production scenario. Innovations can be beneficial both economically and ecologically, 406 

e.g. the use of a shelf life extension technique that reduces food loss (Falcone et al., 2017). Most 407 

studies focusing on agricultural innovations or innovations in the food industry demonstrated a 408 

reduction of the environmental impact compared to the conventional scenario, whereas the life cycle 409 

cost was higher for the innovation in half of the studies. The valorization of by-products is considered 410 

beneficial from an economic and ecological point of view, within the studied articles.  411 
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Table 3. Results from LCC studies in which products or production scenarios have been compared, 412 

sorted by type of comparison. 413 

Agricultural products: organic vs. Conventional (vs. Other) 

  Lowest LCC Best LCA 

  Organic Conventional Other Organic Conventional Other 

De Luca et al. (2018a) 
  

x 
  

x 

De Luca et al. (2014) 
 

x 
 

x 
  

Falcone et al. (2016) 
 

x 
  

x 
 

Fenollosa et al. (2014) 
 

x 
 

x 
  

Iofrida et al. (2020) 
 

x 
 

No LCA 
  

 Jirapornvaree et al. 

(2021) 

x   x   

Mohamad et al. (2014) 
 

x 
 

x 
  

Pergola et al. (2013) x 
  

x 
  

 Rahmah et al. (2022)  x  x   

Saber et al. (2020) x   x   

Stillitano et al. (2016) x 
  

No LCA 
  

Strano et al. (2017) x 
  

x 
  

Zhen et al. (2020) 
 

x 
   

x 

 Zira et al. (2021)  x  x x  Depends on 

indicator 

Bio-energy vs. Fossil fuel 

  Lowest LCC Best LCA 

  Bio-energy Fossil fuel Comment Bio-energy Fossil fuel Comment 

 Ekener et al. (2018) x x Sugarcane 

lower, corn 

higher 

x x Sugarcane 

lower, corn 

higher 

Hanif et al. (2016) x 
  

x 
  

Koričan et al. (2022) x   x   

Lask et al. (2020) x 
 

Maize x 
 

Wild plant 

mixtures 

Lerkkasemsan and 

Achenie (2013) 

 
x 

 
x 

  

Luo et al. (2009) x 
  

x 
  

Nguyen et al. (2008) 
 

x 
 

x 
  

Wagner et al. (2019a) x 
 

Miscanthus x 
 

Miscanthus 

Agricultural innovations and innovations in the food industry: innovative vs. Conventional scenario 

  Lowest LCC Best LCA 

  Innovative Conventional Comment Innovative Conventional Comment 

Baquero et al. (2011) 
 

x 
   

No LCA 

Blanc et al. (2018)  
 

x 
 

x 
  

Blanc et al. (2019) 
 

x 
 

x 
  

Boggia et al. (2019) 
 

x 
 

x 
  

Canaj et al. (2021a)  x  x   

Canaj et al. (2021b)  x  x   

Canaj et al. (2022) x   x   
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 414 

3.4.3. Results from the integration of LCC with LCA 415 

only 12 studies from table 3 integrated the results from LCC and LCA data. According to Zhen et al. 416 

(2020), community-supported agriculture is the most eco-efficient agricultural option compared to 417 

conventional and organic. Canaj et al. (2021a) monetized the LCA results and compared the total cost 418 

(internal + external) for different crops when using groundwater (conventional scenario) or reclaimed 419 

water (innovative scenario) for irrigation. For most crops the innovative scenario scored best overall 420 

(Canaj et al., 2021a). A similar study was done by Canaj et al. (2021b), assessing the eco-efficiency of 421 

the use of reclaimed water (innovative scenario) in vineyards. In this study the innovative scenario was 422 

also identified as the more eco-efficient one (Canaj et al., 2021b). Canaj et al. (2022) evaluated a smart 423 

Cacace et al. (2020) 
  

Depends on 

product 

x 
  

De Gennaro et al. 

(2012) 

 
x 

  
x 

 

De Luca et al. (2018b) x 
  

x 
  

Diaz et al. (2021)   Not clear x   

Dobon et al. (2011) x 
    

No LCA 

Falcone et al. (2017) x 
  

x 
  

Holka (2020)  x  x   

Holka and Bieńkowski 

(2020) 

x x Reduced tillage 

lowest, no 

tillage highest 

x   

Iotti and Bonazzi (2014) x 
    

No LCA 

Lokesh et al. (2019) x 
  

x 
  

Moosavi-Nezhad et al. 

(2022) 

x  Emission costs 

included 

x   

Pexas et al. (2021) x x Depends on 

strategy 

x x Depends on 

indicator 

Roffeis et al. (2018) 
 

x 
   

No LCA 

Ruviaro et al. (2020) x 
    

No LCA 

Sanyé-Mengual et al. 

(2015) 

x 
  

x 
  

Stillitano et al. (2019) 
 

x 
  

x 
 

Valente et al. (2020) x     No LCA 

Valorizing byproducts 

 Lowest LCC Best LCA 

 Valorization No valorization Comment Valorization No valorization comment 

Gosalvitr et al. (2021) x   x x Depends on 

method 

Laso et al. (2018) x   x   

Lokesh et al. (2019) x   x   

Venanzi et al. (2018) x   x   
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irrigation system, which was identified as being less costly, with the inclusion of external costs, than 424 

farmer-led irrigation. The sustainability assessment of different olive growing systems was investigated 425 

by De Luca et al. (2018a). The AHP method was used to integrate the results of LCA, LCC and social 426 

LCA. Following this approach, the sustainability score of the low-dosage/no-tillage scenario was the 427 

highest, in comparison to the conventional and organic scenario (De Luca et al., 2018a). Ekener et al. 428 

(2018) used a multi-criteria analysis to identify fuel from sugarcane as the most sustainable option. 429 

Differences were observed depending on the perspectives of the stakeholders (Ekener et al., 2018). 430 

The sustainability of different wine-growing scenarios was analyzed by Falcone et al. (2016). The VIKOR 431 

method was implemented to show the aggregated results of different aspects of sustainability and 432 

revealed that the conventional scenario was the most sustainable (Falcone et al., 2016). Laso et al. 433 

(2018), in their assessment of the fish canning industry with a focus on anchovy species, found that 434 

the scenario where a circular economy approach was used, scored best in terms of the eco-efficiency 435 

index, compared to other waste management scenarios (landfilling and incineration). Dobon et al. 436 

(2011) used the LCA data from a previous study to integrate with the LCC data, which resulted in the 437 

finding that the use of the FBBD (flexible best-before-date)-device (innovative scenario), which can 438 

change the expiry date of a product based on temperature fluctuations, is the most sustainable if the 439 

purchasing price does not exceed the willingness-to-pay of consumers. Different manure management 440 

strategies were compared by Pexas et al. (2021). Not all innovative scenarios were more eco-efficient 441 

than the conventional one (Pexas et al., 2021). Valente et al. (2020) compared the sustainability of an 442 

innovative slaughter system with the conventional system on a radar chart. The innovative system was 443 

more sustainable for some indicators (Valente et al., 2020). Finally, Zira et al. (2021) compared the 444 

organic with the conventional pork supply chain by calculating the relative sustainability point, with 445 

the conventional chain as the benchmark. The more sustainable option was different for different 446 

sustainability indicators (Zira et al., 2021). It can be concluded that an integrated assessment can be 447 

very useful for decision-making if LCC and LCA results are contradictory, e.g. Zhen et al. (2020).  448 
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3.5. Limitations and future research 449 

One of the most important limitations of this systematic review is that the difference between a life 450 

cycle cost analysis and other types of cost analyses is not always clear. For example, in the study of 451 

Gresta et al. (2014 the term “life cycle costing” is not explicitly mentioned, even though the 452 

methodology of the economic analysis is similar to life cycle costing. Papers that should have 453 

mentioned LCC but did not, were excluded for analysis. Currently, there is no standardized 454 

methodology for LCC, which makes it difficult to compare results between different studies. This 455 

systematic review allowed to identify different methodological inconsistencies and to recommend a 456 

certain approach for some methodological aspects. Future research should propose a standardized 457 

framework for life cycle costing studies. Thereby, a clear distinction between LCC types and different 458 

system boundaries should be made. The amount of studies that internalized externalities is still limited 459 

(12) due to methodological difficulties, indicating the need for further research. In addition, a 460 

standardized methodology for social life cycle assessment (sLCA), to assess the third pillar of 461 

sustainability, is still missing (Onat et al., 2017). Finally, the integration of the 3 pillars of sustainability 462 

through the life cycle sustainability assessment (LCSA), is also not standardized (Costa et al., 2019). 463 

Future research should tackle these methodological gaps. The LCSA framework, for instance, could be 464 

a useful tool for the analysis of the transformation of our food system. Currently, the use of this tool 465 

in the agri-food sector is very limited and most research only focuses on the environmental impacts to 466 

address increasing environmental concerns. Hence, there is a lot of potential for studies assessing the 467 

3 pillars of sustainability.  468 

4. Conclusions 469 

This systematic review extracted data regarding the methodology and results of 92 life cycle costing 470 

studies within the agri-food sector. LCC has been applied for a wide range of different products and 471 

purposes, e.g. identifying cost hotspots and comparing products. An increase in LCC studies has been 472 

observed in this review, underpinning the need for an in-depth insight into the LCC methodology. At 473 
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this moment, there is still no consensus amongst researchers about LCC definitions and system 474 

boundary definitions, which leads to the lack of comparability between results. In addition, data 475 

collection differs significantly between studies, for example, the inclusion or exclusion of specific cost 476 

categories. Furthermore, as each cost category has been identified as a cost hotspot in our sample, it 477 

is important that each category is considered in future LCC studies. The number of studies that included 478 

externalities for the life cycle cost analysis is still very limited. Findings further show that LCC is often 479 

applied to compare different production scenarios (e.g. conventional versus organic), innovative 480 

production methods with the traditional one, bio-energy from different sources, bio-energy with fossil 481 

fuel and the valorization of by-products compared to not valorizing side streams. While LCC can be 482 

considered a very valuable tool to assess economic sustainability, its impact can become even more 483 

far-reaching when standardized, allowing for comparability of evidence. Also the integration of LCC 484 

and other life cycle tools, often analyzed through eco-efficiency and multi-criteria decision analysis, 485 

has shown to be useful for decision-making, especially if the results from the analyses are 486 

contradictive. This review observed that there is an increased interest for a more comprehensive 487 

sustainability assessment, focusing on the 3 pillars of sustainability instead of applying only 1 life cycle 488 

tool. In conclusion, this systematic review identified inconsistencies between studies and gave 489 

recommendations for some methodological aspects. Using this systematic review as a tool, future 490 

research should further standardize the LCC framework and tackle the identified methodological 491 

issues. 492 
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