
1 
 

Cite this article as: 1 

Gurreri L., Calanni Rindina M., Luciano A., Lima S., Scargiali F., Fino D., Mancini G., Environmental 2 

Sustainability of Microalgae-Based Production Systems: Roadmap and Challenges towards the Industrial 3 

Implementation, Sustainable Chemistry and Pharmacy, Available online 4 July 2023 4 

https://doi.org/10.1016/j.scp.2023.101191 5 

 6 

Environmental Sustainability of Microalgae-Based Production Systems: 7 

Roadmap and Challenges towards the Industrial Implementation 8 

Luigi Gurreria, Mirko Calanni Rindinaa, Antonella Lucianob, Serena Limac, Francesca Scargialic, 9 

Debora Finod, Giuseppe Mancinia 10 

aDipartimento di Ingegneria Elettrica, Elettronica e Informatica, Università di Catania, viale Andrea Doria 6, 11 
95125, Catania, Italy 12 
bENEA – Italian National Agency for the New Technologies, Energy and Sustainable Economic Development 13 
– Department for Sustainability, Casaccia Research Centre – Via Anguillarese 301, 00123, Rome, Italy 14 
cDipartimento di Ingegneria, Università degli Studi di Palermo, viale delle Scienze ed. 6, 90128, Palermo, 15 
Italy 16 
dDepartment of Applied Science and Technology (DISAT), Politecnico di Torino, Corso Duca Degli Abruzzi 24, 17 
10129, Torino, Italy 18 

Corresponding author: Antonella Luciano, email: antonella.luciano@enea.it  19 

Abstract 20 

Microalgae and cyanobacteria are a precious source for the production of biofuels/bioenergy, biomaterials 21 

and valuable biochemicals from different production systems and biorefineries. Beyond photosynthetic CO2 22 

conversion, microalgal systems can involve the valorisation of waste streams and the implementation of 23 

green chemistry, industrial symbiosis, and circular bioeconomy approaches. However, their sustainability is 24 

uncertain, thus their large-scale application is hindered. The numerous life cycle assessments (LCAs) 25 

performed so far are mostly based on lab-scale, scaled-up or literature data, leading to qualitative and 26 

controversial results. This paper reviews primary data-based LCA studies on microalgal pilot to industrial scale 27 

plants. Fourteen studies satisfied the selection criteria, despite they used primary data almost exclusively for 28 

cultivation and harvesting. The outlined current status (methodology, inventory, energy consumption and 29 

environmental impacts) highlighted the lack of uniformity in the applied methods and in the presentation of 30 

results, as well as some lack of transparency. Nevertheless, the review concluded that electricity 31 

consumption and infrastructure are major hotspots. Therefore, the use of renewable energy for supplying 32 

the process and of sunlight for biomass photosynthesis must be preferred. The upstream processes produce 33 

large impacts. Thus, suitable reactor, geographic location, and harvesting method should be selected. 34 

Biofuels are not competitive in most cases, but some promising multi-product scenarios have been assessed 35 

as well. To improve the environmental profile of microalgal high value compounds (e.g., astaxanthin), co-36 

products valorisation and enhanced compound productivity should be enhanced. More efforts on LCA of 37 
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large-scale plants are required, especially looking at integrated biorefinery concepts, to take a crucial step 38 

towards the implementation of sustainable commercial systems. 39 

Keywords: microalgae; pilot; Life Cycle Assessment; sustainable development; photobioreactor; raceway 40 

pond.  41 
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1. Introduction 42 

Phytoplankton micro-organisms such as microalgae and cyanobacteria offer several benefits and have 43 

attracted the attention of many researchers for a multitude of applications in the production of numerous 44 

valuable products by moving away from fossil and mineral resources. In the framework of the carbon neutral 45 

transition, microalgal photosynthesis can be exploited to capture CO2 from exhaust gas emissions. As 46 

renewable raw material, microalgae have emerged as feedstock for biorefining, defined as “the sustainable 47 

processing of biomass into a spectrum of marketable products (food, feed, materials, chemicals) and energy 48 

(fuels, power, heat)” (de Jong et al., 2012). Beyond hydrocarbon biofuels and other energy products, 49 

microalgae are a potential natural source of several bio-based valuable material products in the 50 

nutraceutical, cosmetic, pharmaceutical and food sectors, such as bioactive and green compounds. 51 

Numerous process routes have been developed to obtain multiple outputs from the production chain. 52 

Moreover, microalgae have been proposed for the treatment and valorization of waste effluents (Alazaiza et 53 

al., 2022; Premaratne et al., 2022), e.g., secondary wastewater or centrate from anaerobic digestion 54 

supernatant, by including integrated approaches in the perspective of circular bioeconomy. 55 

However, the technology readiness level is not at commercial stage, due to concerns about the 56 

environmental impacts in the life cycle (Ubando et al., 2022), to the poor economic feasibility (Acién 57 

Fernández et al., 2019) (high costs for investment and cultivation, high energy consumption), and to the 58 

related technical challenges (Annevelink et al., 2022) (e.g., microalgae productivity). Other barriers to the 59 

technology advancement have been identified in the insufficient legal assistance and funding for research 60 

and innovation projects (Dębowski et al., 2022). In this framework, the sustainable production of microalgal 61 

bio-based products presents several challenges to achieve performances competitive with established 62 

technologies. In the recent years, many research efforts have been addressed to the assessment and the 63 

enhancement of the environmental and economic sustainability of microalgal systems, as demonstrated by 64 

the large number of scientific publications, including numerous original research articles and several review 65 

papers, devoted to these topics. However, the lack of sufficient data from large-scale (pilot and near-full 66 

scale) plants is a crucial obstacle that stands in the way of the TRL advancement and of the commercial 67 

implementation of environmental-friendly and cost-effective microalgal technologies (Dębowski et al., 2022). 68 

Regarding the environmental dimension, a chronological overview on the scientific publications is depicted 69 

in Fig. 1. The chart reports the yearly number of scientific articles (since 1960) related to three searches in 70 

the Scopus database: 71 

i. microalgae; 72 

ii. microalgae and environmental impacts (life cycle assessment, LCA); 73 

iii. microalgae, LCA, and large scale (pilot) plants. 74 
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 75 

Fig. 1. Number of published papers by year since 1960 regarding microalgae, environmental aspects (life cycle 76 
assessment, LCA), and large scale (pilot) plants. Data retrieved from the Scopus database (www.scopus.com accessed 77 
on 20th December 2022) by different searches, as detailed in Section 2. 78 

The number of publications related to microalgae has been continuously increasing up to the impressive 79 

value of 4446 in the year 2022, showing the great interest of researchers to this topic. The investigation of 80 

environmental issues has arisen in the last twenty years, with a significant increase since 2009, leading to 76 81 

articles in 2022. Looking for LCA studies related to large scale microalgal plants, the search outcome shows a 82 

significant reduction in the number of scientific articles (23 in 2022). Overall, the total number of articles 83 

found with the above searches was 39,536, 554, 151, respectively. This shows that the literature is rich in 84 

studies regarding microalgae. However, the number of studies decreases of two orders of magnitude when 85 

including environmental aspects in the search, with studies related to large-scale plants being 27% of the 86 

total ones. 87 

Note that the searches outcomes reported in Fig. 1 are raw results, i.e., they were not “filtered” in any way. 88 

Therefore, they may include some non-pertinent documents. However, Fig. 1 helps to illustrate the past, 89 

current, and future (projected) interest of the scientific community towards the general and specific topics 90 

that the present review focuses on. 91 

Many reviews have been conducted so far on microalgae-based production systems, by including some 92 

treatment of sustainability aspects. However, only very few of them devoted some specific focus on large 93 

scale plants. On the contrary, most of them did not even distinguish large scale plants from laboratory 94 

apparatuses. In the following, reviews on LCA of microalgae-based production systems since 2019 are 95 

recalled. For the sake of brevity, review papers from the previous period are neglected.  96 

He et al. (2023) conducted a review on carbon capture in microalgae cultivation and in biofuel production via 97 

hydrothermal liquefaction (HTL). Kim et al. (2022) reviewed studies on the technical development of 98 

microalgal biodiesel production. Nanda and Bharadvaja (2022) reviewed technical aspects of algal bioplastics 99 
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and analysed their market. Ubando et al. (2022) reviewed LCA studies of microalgae biorefinery, thus 100 

addressing the central topic of the present paper. Morya et al. (2022) reviewed biotechnological and 101 

thermochemical pathways for bio-H2 production from different organic feedstocks, including microalgae. 102 

Yadav et al. (2022) discussed economic and environmental (LCA) sustainability of microalgae biorefinery, with 103 

particular focus on value-added products. Goswami et al. (2022) addressed several technical aspects in 104 

biofuels production from microalgae, such as cultivation and harvesting phases, molecular or genetic 105 

approaches, artificial intelligence algorithms and internet of things-based sensors. 106 

Liyanaarachchi et al. (2021) analysed engineering approaches for two-stage microalgae cultivation (biomass 107 

growth and target compounds accumulation occurring in two distinct steps) as a strategy of productivity 108 

enhancement. Merlo et al. (2021) reviewed studies on marine microalgal biofuels with a look at the 109 

sustainable development goals. Nagarajan et al. (2021) conducted a review on microalgal biohydrogen, 110 

discussing the process bottlenecks that hinder its commercialization. The review by Karpagam et al. (2021) 111 

focused on integrated bioprocessing methods for biodiesel and bioethanol production via transesterification 112 

and biochemical routes, as well as the potential use of spent microalgal biomass for near zero-waste residue 113 

applications. Devadas et al. (2021) conducted a review of studies on algae biopolymers in circular economy 114 

framework. Behera et al. (2021) focused on microalgae-derived biostimulants for plant growth. 115 

Parsons et al. (2020) reviewed studies on oleaginous microalgae and yeast for making single cell oils, by 116 

evaluating economic and environmental impacts due to co-products. Rajesh Banu et al. (2020) reviewed 117 

articles on TEA, LCA and life cycle costing (LCC), and, by using literature data, they evaluated three different 118 

routes of algal integrated biorefinery for biofuels and valuable co-products. Gu et al. (2020) reviewed studies 119 

on hydrothermal liquefaction processes for the conversion of algal biomass into bio-oil and high value co-120 

products. 121 

Roy and Mohanty (2019) reviewed studies on microalgae harvesting techniques. Kumar and Singh (2019) 122 

conducted a review by analysing recent studies on microalgal biorefinery biodiesel production. De Souza et 123 

al. (2019) performed a bibliometric mapping from 2008 to 2018 and studied the association of microalgae 124 

with clean technologies. The review by Mishra et al. (2019) focused on the liquid and solid waste minimization 125 

in microalgal biorefinery. Wu and Chang (2019) described four biorefinery routes through LCA and TEA. 126 

Ubando et al. (2019) reviewed LCA papers on thermochemical processes for bioenergy products from 127 

microalgal (5 studies) or lignocellulosic (19 studies) biomass. Schade and Meier (2019) compared the 128 

environmental impacts of different production systems of microalgae for human nutrition, including a couple 129 

of studies with primary data at pilot scale. Bussa et al. (2019) investigated the potential of environmental 130 

improvement of using microalgal residues as a feedstock for polylactic acid in a multiple output system that 131 

produces lipopeptides. Koyande et al. (2019) focused on various products obtainable from microalgae bio-132 

refinery. 133 
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Overall, the review papers published since 2019 mentioned above have not addressed sustainability 134 

dimensions assessed with input data from large-scale plants. This is due to the scarce presence (or even total 135 

absence in the past) of commercial facilities, but also to a lack of specific attention to the largest scale 136 

available plants.  The same occurred in previous reviews of LCA (Carneiro et al., 2017; Ketzer et al., 2018; 137 

Lardon et al., 2009; Slade and Bauen, 2013). This represents a crucial lack of information hindering the 138 

technology advancement in view of a wide commercialization. Indeed, the LCA is sensitive to the scale of the 139 

system from which input data are drawn, and projections from lab scale experiments or engineering 140 

calculations may lead to misleading scaled-up results. 141 

This paper proposes a novel review on environmental aspects of microalgae-based production systems by 142 

focusing on a selection of available studies regarding large scale (pilot and near-full scale) plants, in order to 143 

draw a picture that can be significant for realistic projections and for the technology scale-up. Following this 144 

rationale, we aim at (i) putting light on the current status and (ii) outlining a future prospect, thus providing 145 

insights useful for the scientific community devoted to the development of sustainable microalgae-based 146 

technologies projected towards future industrial implementations. 147 

2. Research method and paper structure 148 

The Scopus electronic database was used to search and collect scientific articles. Five searches were 149 

performed, as described in Table 1, without specifying any date range. The raw results in terms of yearly 150 

number of published papers are those reported above (Fig. 1). 151 

The core of the present review paper was mainly based on documents from searches number 3 and 5 in Table 152 

1, which were aimed at retrieving studies related to large scale (pilot) plants. A selection of articles was 153 

performed by checking the relevance and consistency of the articles with reference to the review aims. 154 

Therefore, only studies based on primary data from pilot plants producing valuable products, biofuels or 155 

bioenergy were selected (e.g., standalone microalgae plants for wastewater treatment were excluded). 156 

Moreover, full text availability and accessibility were considered, and in some cases other criteria related to 157 

the prestige of the study were included, such as the article type (e.g., conference proceedings were 158 

excluded). Some additional studies, pertinent with the aim of the present paper topic that met its eligibility 159 

criteria, were included by filtering papers from less restrictive searches (number 2 and 4 in Table 1). A 160 

bibliography was created by the Mendeley desktop software to organize the selected papers. Overall, the 161 

screening performed via full-text analysis filtered 14 relevant high-quality scientific articles for the review 162 

(excluding those used for the general parts of this paper). 163 

 164 

 165 
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Table 1. Searches performed in the Scopus database (www.scopus.com accessed on 20 December 2022) based on search 166 
words (with Boolean combinations) in article title, abstract or keywords. “SW” means search word, “Op” indicates the 167 
Boolean operator (either “AND” or “OR”), and quotation marks in a cell indicate that it has the same content as the 168 
corresponding one in the row above it. 169 

Search # SW Op SW Op SW Op SW Op SW Op SW Op SW 

1 Microalgae 
 

OR Microalgal           

2 “ “ “ AND Life cycle 
assessment 

OR LCA       

3 “ “ “ “ “ “ “ AND Pilot OR Large 
scale 

OR Industrial 

The present article is structured as follows. First, the general framework of microalgae biorefineries and 170 

process routes is described, including an overview on fundamentals of reactors for cultivation and of 171 

downstream phases after it (harvesting, extraction and purification, conversion), as well as of plant 172 

configurations and final products (Section 3). Then, the state-of-the art of environmental sustainability will 173 

be outlined regardless the plant scale (not only pilot) and the data source (not only primary data) (Section 4). 174 

The core of the work (review of the selected papers) will be represented by Sections 5 and 6, focusing 175 

respectively on the main features of the pilot plants and the relevant LCAs, with the discussion of the 176 

reviewed studies. Finally, the conclusions will be drawn, highlighting the main challenges and the key 177 

elements for future R&D activities (Section 7). 178 

3. From microalgae cultivation to final products: an overview 179 

Microalgae are an attractive feedstock because of the several advantages of their cultivation compared to 180 

other crops. For example, they can grow on non-arable lands in wastewater or seawater and are substantially 181 

more productive than land plants (Richmond and Hu, 2013). Moreover, microalgae raise interest because of 182 

their versatility in the obtainable products, such as biofuels and high-value compounds for several industrial 183 

sectors. Fig. 2 depicts a summary of the generic sequence of the main steps involved in the development and 184 

operation of a microalgal bioprocess system designed to obtain generic bioproducts. In the following, all 185 

steps are briefly described by distinguishing between upstream processes (preliminary steps, cultivation and 186 

harvesting) and downstream processes (cell disruption, extraction and purification, and residual biomass 187 

treatment). 188 

http://www.scopus.com/
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 189 

Fig. 2. Summary of the main steps involved in a bioprocess for bioproduct(s) from microalgae. 190 

3.1. Upstream section 191 

The first step of a microalgal bioprocess is the selection of the strain to cultivate. It is strictly connected to 192 

the desired application and to other criteria, such as its robustness and reliability under fluctuating outdoor 193 

cultivation conditions (Sen et al., 2022; Yun et al., 2019). Scenedesmus, Chlorella and Nannochloropsis have 194 

been identified as the most commercially important genera of microalgae (Laurens et al., 2017). In some 195 

cases, multiple strains are present as components of a consortium (Sen et al., 2022). This especially occurs 196 

when the main goal of the cultivation is wastewater remediation (Barreiro-Vescovo et al., 2020; Tejido-Nuñez 197 

et al., 2020), where it is impossible to maintain an axenic culture. In this application microalgae can be even 198 

coupled with other microorganisms, such as bacteria (Sánchez Zurano et al., 2020). As shown in Fig. 2, usually 199 

the selected strain is environmentally isolated, but there is the option of genetical improvement (Sen et al., 200 

2022). However, there are at the moment only a few examples of transgenic microalgae cultivations at large 201 

scale (Zedler et al., 2016). 202 

The three major constituents of microalgae are lipids, carbohydrates, and proteins, whose composition 203 

depends on microalgae species and culturing conditions. The content of various microalgae species is 204 

reported in Fig. 3, showing that most microalgae have high protein content. However, high content of lipids 205 

are observed in some cases (exceptional values are around 70% in Fig. 3, while Wu and Chang (2019) reported 206 

up to 53% and Koyande et al. (2019) reported up to 65.1%). 207 
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 208 

Fig. 3. Composition of various microalgae species. Reproduced from (He et al., 2023), with permission from Elsevier, 209 
2022. 210 

Bioreactors for microalgae cultivation can be divided into two main classes, i.e., open-air systems and closed 211 

systems (Xu et al., 2009), with the latter being mainly aimed at axenic single-species cultures (Fig. 2). Within 212 

the two classes of reactors, the most common typologies suitable for large-scale applications are open 213 

raceway ponds (ORPs) and tubular photobioreactors (PBRs). Nevertheless, several other types have been 214 

developed so far, including natural or artificial ponds and thin-layer cascade reactors among open-air systems 215 

(Fig. 4), and flat-plate, bubble column, airlift column and stirred tank reactors among closed systems (Fig. 5). 216 

 217 

Fig. 4. Open systems for microalgae cultivation: (a) Raceway type, (b) multi-grid raceway, (c) circular type, (d) thin layer 218 
with undulating base, (e) covered pond. Reproduced from (Oncel, 2015), with permission from Elsevier, 2015. 219 
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 220 
Fig. 5. Examples of closed systems for microalgae cultivation: (a) vertical tubular PBR, (b) tubular fence type with u-221 
bends, (c) horizontal tubular PBR, (d) vertical flat panel, (e) panel with baffles, (f) airlift panel, (g) stirred tank, (h) 222 
bubble column, (i) airlift tank. Reproduced from (Oncel, 2015), with permission from Elsevier, 2015. 223 

In the microalgal cultivation stage, one of the most important metrics is the biomass productivity, which is 224 

the biomass produced per unit time, either per unit volume of reactor or unit area occupied by the reactors. 225 

To increase the productivity, several parameters should be adjusted, such as the reactor design (for example, 226 

thin layer reactors are more productive than others), the reactor volume (for example, thin layer reactors 227 

are more productive than others), the culture medium, and the cultivation mode (batch, semi-continuous or 228 

continuous). Another critical factor is the choice of metabolic mode of the culture (photoautotrophic, 229 

mixotrophic or heterotrophic). Furthermore, intending to increase the productivity (of biomass or of a 230 

specific product), an optimization of the physiological parameters needs to be done. In the case of metabolite 231 

products, some stresses are often applied to the cultivation to stimulate the production of the biomolecule. 232 

Some of the employed stresses are high salinity and high light (Arena et al., 2021; Villanova et al., 2021), 233 

flashing light (Lima et al., 2022, 2021, 2020) and nitrogen deficiency (Solovchenko et al., 2008). 234 

For the photoautotrophic cultivation, a crucial factor determining the biomass productivity is the annual 235 

irradiance on the geographic location in which the reactor is installed. A correlation between these two 236 

parameters is reported in Fig. 6, which gathers the areal productivity of several pilot scale reactors in which 237 

algae were grown without artificial lighting. The data collected from the literature indicate roughly a direct 238 

proportion between areal productivity and solar irradiation for open pond reactors. Thin layer reactors tend 239 

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)
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to be the most productive at pilot scale (in the set of analysed data the bigger reactor had a volume of 2500 240 

L), while tubular stacked reactors are less productive. 241 

Microalgae biomass productivity is often expressed per reactor volume. Typical values in large-scale 242 

cultivations are in the order of 0.01 to 1 g L–2 d–1 (Kim et al., 2022). 243 

 244 

Fig. 6. Correlation between areal productivity of microalgal pilot plants and annual irradiance (sunlight photoautotrophic 245 
cultivation). Data on productivity regard 18 pilot cultivation systems documented in the literature (Amorim et al., 2021; 246 
Avila et al., 2022; Barreiro-Vescovo et al., 2020; Barros et al., 2019; Cavieres et al., 2021; Haines et al., 2022; Han et al., 247 
2020; Iamtham and Sornchai, 2022; Long et al., 2022; Masojídek et al., 2022; Mohan et al., 2021; Montalvo et al., 2019; 248 
Morillas-España et al., 2021; Plouviez et al., 2019; Rentería‐Mexía et al., 2022; Sánchez Zurano et al., 2020; Sung et al., 249 
2021; Villaró et al., 2022). When seasonal data were available, the productivity value was calculated as annual average.  250 
Irradiance data come from Meteotest, Bern, Switzerland. 251 

After the cultivation, microalgal harvesting is performed to separate or detach algae from its growth medium 252 

(Singh and Patidar, 2018). Commercial harvesting techniques produce a microalgae biomass concentration 253 

of 1-250 kgdw m–3 (Gerardo et al., 2015). Dewatering of microalgae is a highly energy-consuming step, and it 254 

may be the major bottleneck in microalgae processing (Uduman et al., 2010). As mentioned in Fig. 2, several 255 

methods may be employed for microalgae harvesting, including sedimentation, flocculation, filtration and 256 

centrifugation (Gerardo et al., 2015). As pointed out by Gerardo et al. (2015), the choice of the harvesting 257 

method is not easy as it must take into consideration several process requirements, such as the separation 258 

mechanisms and the quality of the cells, as well as the operating and capital costs. For example, harvesting 259 

by centrifugation gives an optimal concentration range and quality of cells but has high capital and 260 

operational costs. The combination of methods is a strategy offering cost-effective solutions for harvesting 261 

(Singh and Patidar, 2018). 262 

 263 
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3.2. Downstream section and final products 265 

After harvesting the biomass, downstream processes are devoted to extract valuable products. This may be 266 

achieved through many different process routes, depending on the desired final product(s) and the 267 

technology adopted in each step. Integrated approaches for muti-product extraction are certainly the most 268 

attractive from the economic and environmental sustainability. The downstream section often requires 269 

biomass pre-treatment before the extractive step. For example, drying is optional (that is why it is not 270 

indicated in Fig. 2) and is performed only in some cases (e.g., before products extraction from dry biomass 271 

via supercritical fluid) (Show et al., 2015). Some cell disruption methods are listed in Fig. 2, while a more 272 

exhaustive overview is provided in Fig. 7, including the main peculiarities of the different methods. The 273 

technique is to be chosen depending on the cell wall characteristics of the employed strain (Corrêa et al., 274 

2020; Show et al., 2015). Mechanical and physical methods help the cell lysis through shear forces or energy 275 

transfer via waves or heat, while non-mechanical methods may be chemical or enzymatic. The cell disruption 276 

as a separate step is also optional, i.e., extraction methods can be used in combination with cellular 277 

disruption or directly applied over the whole cell (Corrêa et al., 2020). 278 

 279 

Fig. 7. Comparison of different cell-disruption methods, reproduced from (Corrêa et al., 2020). 280 

Solvent extraction methods are the most common. Conventional organic solvents are employed in well-281 

established techniques for the extraction of microalgae biocompounds, mostly lipids. However, conventional 282 

solvents are toxic and bring environmental and human health concerns. In contrast, alternative solvents are 283 

supposed to have lower environmental, safety and health impacts. They include ionic liquids, deep eutectic 284 

solvents, and supercritical fluids, among others (Corrêa et al., 2020). The choice of the solvent depends on 285 

the target compound, but non-conventional solvents have shown a significant potential for sustainable and 286 

scalable technologies with high efficiency and purity (Corrêa et al., 2020). 287 
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After extraction, a purification step is required in the case of target products represented by biomolecules. 288 

Separation methods for this purpose include electrophoresis, membrane separation, ultracentrifugation, 289 

among others (Corrêa et al., 2020). In biofuel production, an example of application of a purification process 290 

is oil refining to separate cellular debris, membrane lipids, and pigments from triglycerides (after extraction 291 

with solvent) (Branco-Vieira et al., 2020; Stephenson et al., 2010). 292 

The downstream section may also include a conversion step to achieve the final product. For example, 293 

catalytic transesterification is a typical process applied to convert extracted lipids into fatty acid methyl esters 294 

(FAME), i.e., biodiesel. Overall, different transformation methods can be applied for biomass, either “raw” 295 

from harvesting/drying or residual from extraction. For biofuel / bioenergy production, there are several 296 

conversion methods and products (Mishra et al., 2019). Conversion techniques can be classified into four 297 

groups, as shown in Fig. 8. Microalgae are considered the best alternative feedstock for the production of 3rd 298 

generation biofuel. However, microalgal biofuel (e.g., biodiesel) production is not competitive yet due to 299 

various technical and economic constraints, and thus it is not commercially attractive (Rajesh Banu et al., 300 

2020; Venkata Subhash et al., 2022). 301 

The residual biomass can be considered a co-product to be directed to some final use, typically animal feeding 302 

(Beal et al., 2015). Otherwise, it may be employed in biofuel or bioenergy production through conversion 303 

techniques like anaerobic digestion or hydrothermal liquefaction (Karpagam et al., 2021; Venkata Subhash 304 

et al., 2022). The most common application is anaerobic digestion for biogas production (Hernández et al., 305 

2014; Markou et al., 2022; Zabed et al., 2020), thus targeting to heat and / or electricity as final products, 306 

while hydrothermal liquefaction produces bio-oil. 307 

 308 

Fig. 8. Biofuel or bioenergy production from microalgae biomass. Reproduced from (Koyande et al., 2019). 309 
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Apart from fuel and energy, microalgae are a feedstock for products for food, feed, cosmetics, nutraceutical, 310 

and pharmaceutical applications because they produce and accumulate various macromolecules. Indeed, 311 

microalgae are a rich source of proteins, carbohydrates, pigments, PUFAs, peptides, and other important 312 

molecules. Thus, one of the main features of microalgae is the huge potential of extractable products, i.e., 313 

biofuels, biochemicals, and biomaterials (Laurens et al., 2017). A complete list of the count-less microalgae-314 

derived products is arduous, but the most important ones can be mentioned: biofuels (Goswami et al., 2022; 315 

Mishra et al., 2019; Sen et al., 2022; Venkata Subhash et al., 2022), including biocrude (He et al., 2023), 316 

biodiesel (Katiyar et al., 2017; Kim et al., 2022), biogas (Zabed et al., 2020), and biohydrogen (Ahmed et al., 317 

2022; Nagarajan et al., 2021); biopolymers (Devadas et al., 2021) and bioplastics (Nanda and Bharadvaja, 318 

2022), biofertilizers (Braun and Colla, 2022) and biostimulants (Behera et al., 2021; Braun and Colla, 2022), 319 

high-added value products and bioactive compounds (Long et al., 2022; Olguín et al., 2022). 320 

Microalgae are a source of natural pigments, including carotenoids (Di Lena et al., 2019; Zheng et al., 2022). 321 

This group of high-added value products from microalgae deserve a special attention, because they are 322 

characterized by an increasing trend in commercialization. Chlorophylls, phycocyanin, astaxanthin, and β-323 

carotene are the microalgal pigments with the most significant global market, and the most studied strains 324 

for extracting them are Chlorella vulgaris, Spirulina platensis, Haematococcus pluvialis, and Dunaliella salina 325 

(Silva et al., 2020). Among carotenoid pigments, astaxanthin is a high-value compound derived from 326 

Haematococcus pluvialis. Natural astaxanthin is a “super anti-oxidant” for human applications (dietary 327 

supplements, cosmetics, and food and beverages) with a market value from 2500–7000 $ kg–1 to about 328 

15,000 $ kg–1 depending on product purity (Shah et al., 2016).  329 

Extraction of high-value compounds as co-products can improve viability of biofuel production (Goswami et 330 

al., 2022; Venkata Subhash et al., 2022) and can be devised through different routes (Rajesh Banu et al., 331 

2020). The simultaneous exploitation of several fractions coming from the same biomass is the basis of the 332 

idea of microalgal biorefinery (Goswami et al., 2022; Gu et al., 2020; Karpagam et al., 2021; Koyande et al., 333 

2019; Laurens et al., 2017; Mishra et al., 2019; Rajesh Banu et al., 2020; Venkata Mohan et al., 2020; Venkata 334 

Subhash et al., 2022; Yadav et al., 2022). With this expression, one refers to integrated processes that assure 335 

the valorisation of multiple fractions of the microalgal biomass. According to this strategy, several processes 336 

are integrated into an energy and non-energy multi-product route in order to decrease wastes  and overall 337 

costs of the process minimize waste (Mishra et al., 2019). Fig. 9a illustrate the biorefinery concept by an 338 

example of a generic process scheme. Currently, there is not any complete biorefinery process operating at 339 

commercial scale able to exploit the microalgal biomass in all its possible components, i.e., raw biomass, 340 

lipids, polysaccharides, pigments, proteins, etc. (Barsanti and Gualtieri, 2018). Indeed, scaling up is inefficient 341 

due to some challenges at different stages of biorefinery (Yadav et al., 2022). However, the biorefinery 342 
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concept for the production of biofuel and high-value products offers promising perspectives for economically 343 

and environmentally sustainable alternatives for bioeconomy industries. 344 

      345 

 (a) (b) 346 

Fig. 9. Microalgal biorefinery: (a) example of a generic scheme; (b) S. obliquus biorefining for the production of crude 347 
lipids and protein concentrate. Reproduced from (a) Usai et al. (2023); (b) Amorim et al. (2021), with permission from 348 
Elsevier, copyright 2021. 349 

Although scale factors may affect the competitiveness of microalgal biorefinery (Bose et al., 2022), it is 350 

undeniable that this integrated approach may be an attractive perspective as a source of clean technologies 351 

(de Souza et al., 2019; Rajesh Banu et al., 2020). Several biorefinery routes have been proposed so far 352 

(Amorim et al., 2021; Katiyar et al., 2021; Montalvo et al., 2019). Fig. 9b shows an example of biorefinery 353 

applied in a pilot scale cultivation of Scenedesmus obliquus with the co-production of crude lipids (biofuel 354 

precursor) and protein concentrate (animal feeding). The cultivation of S. obliquus occurred inside an open 355 

raceway pond in a culture medium called L4-m. The microalgal slurry was recovered through centrifugation 356 

and disrupted in a low-pressure homogenization device. After that, lipids were extracted via solid-liquid 357 

extraction in hexane and ethyl acetate. A second dry extraction of lipids was obtained with hexane from the 358 

dried microalgal paste. Then, the protein concentrate was obtained by evaporating residual hexane from the 359 

algal biomass recovered from the previous steps. The study achieved promising results, but integrated 360 
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schemes deserve much more research efforts via the exploration of an array of options and the assessment 361 

of their sustainability. 362 

4. Environmental sustainability of microalgae-based systems 363 

Microalgae offer alternative routes for a wide spectrum of bio-based productive schemes. However, these 364 

are nascent technologies that need a robust and reliable assessment of sustainability aspects to define a 365 

baseline of the current status from which novel developments can start, leading to future industrial 366 

implementations. 367 

As shown in Section 1, the scientific literature is prolific in the research related to environmental and 368 

economic characteristics of microalgae-based production systems. In regard to the environmental pillar of 369 

sustainability, Life Cycle Assessment (LCA) has been performed in numerous studies. LCA is a standardised 370 

methodology aimed at quantifying the environmental pressures (resource consumption, emissions, waste 371 

generation and associated environmental impacts) related to goods and services (products) by taking into 372 

account the full life cycle of the product. LCA has been used increasingly by industry to reduce the overall 373 

environmental burdens and to improve the competitiveness of the company’s products. LCA allows 374 

benchmarking of product system and can be used as decision making tool to improve product design and to 375 

orient technology investments and innovation. In the public sector, LCA equally makes use of life cycle 376 

thinking in stakeholder consultations and in policy implementation. LCA provides valuable information on 377 

environmental performance of goods and services, thus contributing to product policy to the analysis of the 378 

environmental performance of production and consumption patterns. 379 

The LCA methodology is internationally standardised by the environmental management standards ISO 380 

14040:2006 (ISO 14040:2006 - Environmental management — Life cycle assessment — Principles and 381 

framework, 2006) and 14044:2006 (ISO 14044:2006 - Environmental management — Life cycle assessment 382 

— Requirements and guidelines, 2006). 383 

LCA is performed for a Functional Unit (FU), i.e., the quantified performance of a product system that 384 

provides a certain functionality, which is used as a reference unit. An LCA study consists of four phases: a) 385 

the goal and scope definition, b) the life cycle inventory (LCI) analysis, c) the life cycle impact assessment 386 

(LCIA), and d) the interpretation. The scope, including the system boundary and level of detail, of an LCA 387 

depends on the subject and the intended use of the study. The depth and the breadth of LCA can differ 388 

considerably depending on the goal of a particular LCA. The LCI is the collection and analysis of all elementary 389 

input/output flows (e.g., emissions to air and water, waste generation and resource consumption) which, in 390 

the most general case of system boundaries “from cradle to grave”, are associated with a product from the 391 

extraction of raw materials through production and use to final disposal, including recycling, reuse, and 392 

energy recovery. The LCIA is the estimation of indicators of the environmental pressures in terms of climate 393 
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change, resource depletion, human health effects, etc. associated with the environmental interventions 394 

attributable to the life-cycle of a product. The interpretation phase serves to summarize and discuss the LCI 395 

and/or LCIA results, to draw conclusions, recommendations, and decision-making in accordance with the goal 396 

and scope definition. For details on theory and practice, see the pertinent literature, e.g., (Hauschild et al., 397 

2018). Despite there are conceptual aspects still debated, i.e., without unanimous consensus (Schaubroeck 398 

et al., 2021), the LCA methodology is undoubtedly recognized as a powerful and worthwhile tool. It is the 399 

most adopted method for the sustainability evaluation of bio-based technologies (Escobar and Laibach, 400 

2021). 401 

4.1. Bibliometric mapping 402 

In order to take a picture of the literature regarding microalgae and sustainability, a brief scientometric 403 

analysis was performed. Bibliometric data from search number 2 in Table 1, regarding microalgae and 404 

environmental (LCA) aspects, were extracted to create two distinct networks of co-occurrence of authors’ 405 

keywords, reported in Fig. 10. Each circle represents a keyword with a minimum occurrence of 6-fold. Font 406 

size and circle size of keywords reflect the number of occurrences, while each colour identifies a cluster (or 407 

group) of related keywords. The network analysis based on the results reported in Fig. 10 reveals the research 408 

hotspots in the field of environmental sustainability of microalgae systems. 409 

“Microalgae” and “LCA” keywords belong to the main cluster (including 9 items in total) and are related by a 410 

strong link. The third and fourth keywords with the highest occurrences are “biofuel” and “biodiesel”, 411 

showing that most LCAs of microalgae systems have been conducted for process schemes involving biofuels 412 

as main products. It is further highlighted by the “biorefinery” keyword, which ranks seventh in terms of 413 

occurrences. As it may be expected, “sustainability” and “environmental impact” are keywords occurring 414 

many times. Interestingly, “TEA” is found with several occurrences in the search for microalgae and LCA, 415 

showing that environmental and economic dimensions are often mentioned together. Note that wastewater 416 

and anaerobic digestion play a major role, mainly framed within circular bioeconomy concepts and biofuel / 417 

bioenergy production. Chlorella vulgaris is the algal species by far most mentioned among the authors’ 418 

keywords in both searches. “Cyanobacteria” is a quite recurring keyword as well, showing that other 419 

phytoplankton groups are associated to applications very similar compared to microalgae, despite they 420 

belong to a different domain. 421 
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 422 

Fig. 10. Keyword co-occurrence network map related to microalgae and environmental assessment (LCA). Data retrieved 423 
from the Scopus database (search number 2 in Table 1) and elaborated by the VOSviewer 1.6.18 software. A minimum 424 
number of occurrences of a keyword equal to 6 was set. Out of 1180 keywords, 56 met this threshold. Equivalent 425 
keywords (e.g., life cycle assessment and LCA) were merged, resulting in a final number of keywords represented in the 426 
network equal to 40.  427 

4.2. Qualitative meta-review 428 

Recent advancements on the environmental performance of microalgae-based production systems are 429 

discussed in this section by an analysis of previous review papers. A summary of the main results and 430 

conclusions will be discussed, by providing a comprehensive framework from which our treatment focused 431 

on large scale plants can start. 432 

By reviewing LCA and TEA studies, He et al. (2023) concluded that cultivation and HTL processes have 433 

negative CO2 emission and reduced energy consumption (compared to other biomass conversion methods) 434 

in biofuel production. However, comparisons among results from different LCA studies were difficult due to 435 

the lack of standardization in the adopted methods. Estimated GHG emissions for algal-based biofuels 436 

spanned in a wide range from −75 to 534 gCO2-eq MJ−1, thus making greatly uncertain the mean result. The 437 

highest CO2 fixation rate (80-260 gCO2 m−3 h−1) was provided by Chlorella vulgaris. Recent studies showed 438 

that integrating wastewater treatment with algae cultivation has the potential to make the biodiesel 439 

production more sustainable. Values of net energy ratio (NER), defined as output energy over input energy, 440 

of HTL systems ranged broadly from ~0.34 to 1.25. The values of Energy Return on Investment (EROI, given 441 

by the energy produced over the energy required, including direct and indirect contributions) were 442 

significantly lower than 1 or approximatively 1 (the higher values obtained with HTL), thus requiring the 443 

investigation of novel processes with potential of enhanced competitiveness. 444 
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Microalgae drying and lipid extraction contributed to more than 70% of Global Warming Potential (GWP) in 445 

microalgal biodiesel production systems (Kim et al., 2022). Direct transesterification of microalgae into 446 

biodiesel without lipid extraction was proposed as an alternative option with improved efficiency. However, 447 

LCA studies of microalgal biodiesel production at supercritical conditions and non-catalytic transesterification 448 

are required. 449 

In the production pathways for microalgal bioplastics, the most attractive approach was identified with a 450 

biorefinery that integrates multiple value-added products and wastewater remediation (Nanda and 451 

Bharadvaja, 2022). Cradle to gate GHG emissions for bioplastics were 0.4–1.3 ton CO2 ton–1, which are lower 452 

than those for petrochemical based plastics (1.8–3.55 ton CO2 ton–1). In the end-of-life phase, which is a key 453 

portion in the life cycle, mechanical recycling was widely identified as the most suitable disposal method for 454 

bioplastics with least carbon footprint (0.62 kg CO2 kg–1 polylactic acid) compared to anaerobic digestion, 455 

landfilling, composting and incineration. 456 

By reviewing LCA studies of microalgae biorefinery, Ubando et al. (2022) highlighted that the LCA 457 

methodology has been helpful in identifying the environmental bottlenecks, and that green technologies may 458 

lessen GHG emissions and enhance profit. Microalgae biorefinery was recognized to be still challenging 459 

across both environmental and economic dimensions. By considering a selection of eleven studies on 460 

microalgae biorefinery, the GWP was lower than 30 gCO2-eq MJ–1 in most cases, but it could be over 15,000 461 

gCO2-eq MJ–1 in case of CO2 intensive processes. However, a negative value was reported as well (carbon 462 

credit). NER values of 2.14-2.23 or 0.14-0.3 were reported for a co-digestion system and a process with HTL, 463 

hydrotreating, and hydrocracking, respectively. Note that the latter range was for the definition of NER as 464 

total energy input to total fuel higher heating value (Chen and Quinn, 2021). Among the weaknesses of LCA 465 

studies, the use of different functional units was clearly highlighted. This heterogeneity in the applied 466 

methods makes comparisons of LCI and LCIA results from different studies difficult. On the other hand, 467 

coupling TEA with LCA was prospected as a successful methodological strategy for a comprehensive 468 

assessment of sustainability. 469 

A greater research attention and exhaustive LCA was recommended for microalgal bio-H2 production by 470 

Morya et al. (2022). Compared to fossil fuels, bio-H2 for electricity production could reduce GHG emissions. 471 

Moreover, bio-H2 or methane production via reactive flash volatilization assisted from microalgae had lower 472 

emissions (7.56 kg CO2-eq kg–1 H2 or 1.18 kg CO2-eq kg–1 CH4) than steam reforming of methane (11.9 kg CO2-eq 473 

kg–1 H2) or methane production (4.25 kg CO2-eq kg–1 CH4). Data from another study regarded microalgae 474 

production performance. Across different scenarios, the estimated fossil EROI varied from 0.38 to 1.08, while 475 

life cycle GHG emissions were −46.2 to 48.9 g CO2-eq MJ–1 and water demand was of 20.8 to 38.8 L MJ–1. 476 
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Yadav et al. (2022) emphasized LCA and TEA as important tools to promote the sustainable production of 477 

biofuels, bioactive and nutraceutical compounds, and green products. Lipid content enhancement and 478 

microalgae cultivation in wastewater with subsequent thermo-chemical processing by hydrothermal 479 

liquefaction (HTL) were highlighted for the sustainable production of biodiesel. Overall, the integrated algal 480 

biorefinery approach for the simultaneous production of biodiesel and value-added co-products was 481 

identified as a successful strategy for the deployment of feasible and sustainable process schemes. A 482 

favourable NER (higher or lower than 1, depending on the definition) was indicated as a crucial requirement 483 

for a cost-effective biorefinery. Unfavourable NER values for bioenergy production through HTL or pyrolysis 484 

were 1.23 or 2.27, while GHG emissions were of −11.4 or 210 g CO2-eq MJ−1. 485 

Goswami et al. (2022) found that ~90 % of the LCA and TEA studies were conducted by focusing only on 486 

biofuels or single biorefinery processes, while novel scenarios with co-products and assessments based on 487 

large-scale experimental data require more attention. Artificial intelligence or sensors based on internet of 488 

things along with modelling tools can be effective in microalgae strain selection and medium optimization. 489 

Integrating wastewater treatment, CO2 mitigation, co-product formation (biofertilizers and bioplastics), 490 

molecular or genetic approaches, is strategic for reducing environmental impacts and economic costs. LCA 491 

results included GHG emissions of 0.112 kg CO2-eq MJ–1 EtOH and 0.039 kg CO2-eq MJ–1 FAME, respectively, in 492 

the production of bioethanol and biodiesel. Lipid extraction after mild hydrothermal treatment was the best 493 

method for biodiesel production, leading to good performance in terms of NER and of several environmental 494 

impacts. The highest NER of 18.8 was reported for a wastewater-biocatalytic transesterification scenario. In 495 

the production of biogas, anaerobic digestion with hydrothermal pre-treatment vs. anaerobic digestion with 496 

solar-driven hydrothermal pre-treatment resulted into NER (as energy input over energy output) of 0.54 vs. 497 

0.69, and GHG emissions of –129.4 vs. –169.13 g CO2-eq kWh–1 biogas. 498 

Two-stage microalgae cultivation can increase the productivity of target metabolites, but may require higher 499 

capital and operating costs (Liyanaarachchi et al., 2021). NER and GWP are the two most evaluated metrics 500 

in LCA of microalgal biofuels, with a general consensus in the literature in showing better performance of 501 

raceway ponds over PBRs. A factor of 5 in the NER characterize the lower performance of microalgal biofuel 502 

compared to petroleum-based diesel. In contrast, the GWP of microalgae systems is significantly lower. The 503 

use of renewable energy sources, culture media recycling, nutrient recovery from wastewater, enhancing 504 

biochemical composition, improving calorific value of products and cost-effective downstream processing 505 

can improve NER and GWP of microalgae-based biofuels. LCA studies on two-stage cultivation have reported 506 

contradictory results for these indicators. Moreover, other impact categories should be considered in future 507 

studies. 508 

Merlo et al. (2021) concluded that the large-scale production of marine microalgae biofuels is not yet 509 

economically feasible. They showed that, despite the obtainment of contradictory results, many LCA studies 510 
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evaluated that microalgal biofuels reduce GHG emissions. Nutrients recycling is essential for improving GHG 511 

and energy balances, but there is an urgent necessity to assess large scale facilities, thus generating accurate 512 

and reliable results overcoming limitations and assumptions of current LCA studies. Harvesting and 513 

dewatering were identified as the most energy intensive and the most expensive (contribution of 20–30%) 514 

phases. NER values of 1.08 or 1.46 were reported for production systems based on PBRs or raceway ponds, 515 

respectively. Land and water requirement were 6.18E–4-7.30E–4 ha GJ–1 y–1 and 98 L GJ–1 y–1, respectively, 516 

while net GHG emissions were –0.075 tCO2-eq GJ–1 y–1. 517 

Nagarajan et al. (2021) claimed that TEAs and LCAs on biohydrogen production from microalgae are very few. 518 

Results from LCA studies showed an NER of 6, but also a cumulative energy demand (CED) higher than 519 

common technologies of hydrogen production. With a production of 0.0114 kg H2 kg–1 biomass, the energy 520 

consumption and CO2 emissions were of 1538 MJ MJ–1 H2 and 114,640 gCO2 MJ–1 H2, respectively. 521 

The review by Karpagam et al. (2021) indicated the opportunity of integrating bio-energy production with 522 

waste remediation for sustainable applications of microalgal routes, reducing emissions to 4.2 kg CO2-eq kg−1. 523 

In the production of biopolymers from microalgae, the sustainability is affected by uncertainties on the scale-524 

up (Devadas et al., 2021). However, integrated approaches involving the use of waste can lead to GHG 525 

emission credits. 526 

In the production of biostimulants, LCA identified cultivation and extraction as the major steps contributing 527 

to environmental and ecological impacts. For example, inoculation and culture contributed by 73% to 90% 528 

across the impact categories. The use of fuel-derived electricity from the grid was responsible of 51% of total 529 

emissions.  530 

Among the co-products of single cell oils obtainable from algae and yeast, the protein fraction was identified 531 

as crucial to determining minimum oil selling price and environmental impacts (Parsons et al., 2020). Two 532 

different biofuels pathways were characterized by emissions of 162 vs 5.3 kg CO2-eq GGE–1. By comparing the 533 

production of animal feed with nutrient recovery along with energy generation, the revenue was almost 534 

doubled in the first option. In contrast, GWP was lower in the second option, despite it was more uncertain. 535 

From the methodological point of view, it was stressed that in assessments with co-products (i) the choice of 536 

the functional unit must reflect the aims and objectives of the study, and (ii) allocation must be clearly 537 

discussed. 538 

Commercialization of microalgal biorefinery was not economically feasible (Rajesh Banu et al., 2020). A broad 539 

range of variability was reported for the NER (~0.1 to 3). Comparing several LCA studies, the adopted methods 540 

and main results were quite heterogeneous. 541 
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By analysing LCA studies, Gu et al. (2020) highlighted the importance of using flue gas and recycle nutrients 542 

(e.g., by anaerobic digestion) to enhance NER and mitigate GHG emissions. Compared to other technologies 543 

for bio-oil production, hydrothermal liquefaction (HTL) showed a general trend of better environmental 544 

performance. A lack in the literature was claimed in the application of LCA for the two-stage sequential HTL 545 

process, which has the potential to produce valuable co-products. 546 

In the harvesting phase, high energy demand and high GHG emissions were identified (Roy and Mohanty, 547 

2019). Energy consumption involved in harvesting from PBR systems ranged below 0.5 kWh kg−1, 548 

outperforming open systems (4.5 kWh kg−1). Advantages and disadvantages of different harvesting methods 549 

were highlighted. 550 

(Kumar and Singh, 2019) indicated the EROI as the main metric for energy analysis of biodiesel biorefinery, 551 

highlighting that the literature has reported values spanning in a wide range (from near-zero to 4.3, but with 552 

a peak of even 8.35) due to the different assumptions (e.g., model scope, functional unit, system boundaries, 553 

co-product allocation). Overall, the low values of EROI of standalone microalgal biodiesel production 554 

indicated that the current technology is energetically unsustainable, while integrated biorefinery routes (for 555 

example, including wastewater treatment and biogas production) are promising. 556 

De Souza et al. (2019) observed that electricity consumption was the major contributor to the environmental 557 

impacts in the production of either astaxanthin or biogas. Other main findings from LCA studies included a 558 

lower GWP of raceways compared to air-lift PBR, a decrease of water requirement by 90% and the 559 

elimination of the need for all the nutrients except phosphate by using sea/wastewater, GHG emissions of 560 

algal biojet fuel reduced by 76% compared to those of conventional jet fuel, GWP and fossil energy 561 

requirement savings of 42% and 38% compared to fossil-derived diesel, centrifugation and flocculation 562 

producing the highest and lowest impacts, respectively, among harvesting techniques. The most used 563 

software tools for LCA of microalgae-based systems were found to be CMLCA, GaBi, SimaPro, and GREET 564 

model. 565 

Mishra et al. (2019) reported values of NER, defined as input over output energy, higher than 1 for microalgal 566 

bioenergy systems, with the exception of a promising process scheme with anaerobic digestion and pre-567 

treatment (NER of 0.71), which also led to negative GHG emissions (−60.84 g CO2−eq MJ−1). Valorising by-568 

products (pyrolysis and gasification of lipid-depleted residual microalgae biomass) led to net energy balances 569 

as low as ~0.6. 570 

Wu and Chang (2019) described four microalgal biorefinery product chains through the LCA and TEA 571 

methods, by prospecting a process optimization by a multi-objective combinatorial approach that maximizes 572 

the NPV and minimizes the eco-indicator 99. 573 
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Ubando et al. (2019) reported values of GWP of thermochemical processes for bioenergy products from 574 

microalgae equal to ~0.045, 0.025-0.055, 0.03 kg CO2-eq MJ–1 for pyrolysis, liquefaction, and gasification, 575 

respectively. 576 

Schade and Meier (2019) compared different microalgae cultivation systems (type, climatic zone of 577 

installation, and algal species) for human nutrition products, including two LCA studies with primary data at 578 

pilot scale. The biomass productivity in terms of land use ranged widely from 0.1 to 3.0 m2 y kg–1, and the 579 

corresponding CED ranged from 59 to 120 MJ kg–1, showing clearly a beneficial effect of solar radiation and 580 

temperature on the process performance. Heating was by far the major item in electricity consumption, 581 

followed by aeration and CO2. In turn, electricity consumption dominated almost all the environmental 582 

impact categories (ReCiPe Midpoint 2016), but water consumption played a major role as well, especially in 583 

ORPs. Overall, performances of different ORPs and PBRs were rather mixed. Therefore, the best option needs 584 

to be found in every single case based on site characteristics, microalgae species and target products. 585 

By reviewing LCA studies for the use of microalgae residue to produce polylactic acid (PLA), Bussa et al. (2019) 586 

found that information on temporal boundaries is generally lacking. The reviewed LCA studies were based 587 

on different functional units (related to dimensions or to capacity of packaging) and different LCIA methods, 588 

while they were more homogeneous in the simulation of cradle-to-grave boundaries and in the use of data 589 

from the literature. The treatment of multi-product processes was based mainly on system expansion, but 590 

several studies adopted allocation. The results suggested that, in the PLA production, microalgae could 591 

reduce significantly land use and terrestrial ecotoxicity, as well as reduce to some extent eutrophication, 592 

human toxicity, photochemical oxidant formation and acidification potential. On the other hand, microalgae 593 

might worsen the performance of PLA compared to conventional plastics in other impact categories such as 594 

global warming, marine ecotoxicity, ozone layer depletion, and energy demand. 595 

Koyande et al. (2019) reported that GHG emissions assessed for microalgal biofuel production with HTL were 596 

−220 gCO2-eq MJ–1. Many values of NER were reported, e.g., 0.2-8.34 for the cultivation step only, 0.82 and 597 

1.73 for cultivation and harvesting (the higher value estimated for a system including a photovoltaic panel), 598 

and 0.35-0.68 as energy demand (i.e., the reciprocal of the common definition, which is also preferred in this 599 

paper) for biofuel production. 600 

Overall, the data and conclusions of previous review papers discussed in this section show that geographic 601 

location, technologies for upstream and downstream processes, process route, products, co-products (if 602 

any), and model assumptions affect greatly LCA results, which span in wide ranges. Therefore, the 603 

sustainability of microalgal biorefineries is strongly uncertain. However, the integrated approach of multi-604 

product biorefinery is promising. In the sustainability evaluations, a standardization in the methodology is a 605 

minimum requirement to make comparisons, at least among process systems with similar final products. For 606 
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example, a homogenization in the functional unit and unique definitions of performance metrics such as the 607 

NER are needed. Another crucial point is represented by the scale of the process used as source of primary 608 

data. A realistic description of current technologies requires a special focus on assessments based on the 609 

largest scale (highest TRL) available plants, which is lacking in the literature. The following sections of the 610 

present paper are devoted to fill this gap. 611 

5. Pilot plants in environmental assessments 612 

The main features of microalgal pilot plants providing primary data for LCA are described in Table 2. Different 613 

algal species were cultivated, without a predominance of any of them. Closed systems (PBR) were used in 614 

most cases, but open systems (ORP) were considered as well. A minimum volume of cultivation reactors 615 

approximatively of 100 L was considered in the selection of LCA studies. Most plants were of medium-low 616 

size, while large scale plants were a few. The culture medium was based on seawater in most cases, followed 617 

by freshwater, while a few pilot plants used wastewater. However, nutrients were added almost in all cases. 618 

For carbon supply, air or CO2-enriched air were used in most cases; pure CO2 or flue gas were adopted in 619 

some cases. The pilot plants were installed and tested mostly in European countries, followed by American 620 

locations. Harvesting was mostly performed via centrifugation, either standalone or in combination with 621 

other techniques, but flocculation was adopted in several case studies. Drying was performed in some cases. 622 

The biomass productivity was provided either as volumetric or areal. However, in most cases data were 623 

insufficient to switch from one to the other. In volumetric terms, biomass productivity spanned from 0.0011 624 

to 1.5 gdw L–1 d–1, with most values in the middle part of the range. In areal terms, the biomass productivity 625 

ranged 3 to 33 gdw m–2 d–1, with almost 20 gdw m–2 d–1 on average. Almost all the pilot installations were not 626 

provided with downstream processes, i.e., they produced wet or dry biomass, but not other products. In two 627 

exceptions bioactive compounds were extracted (via chemical methods). Many plants were tested for several 628 

months, but in three cases the testing period was lower than 1 month. Note that some data were not 629 

available in the reviewed studies (“N.A.” in Table 2), especially for biomass concentration, areal-to-volumetric 630 

productivity conversion, and testing time. 631 

Examples of pilot systems of microalgae cultivation assessed by LCA are shown in Fig. 11. 632 
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 633 

Fig. 11. Pilot-scale systems for microalgae (Nannochloropsis sp.) cultivation: (a) Horizontal tubular PBR, (b) vertically 634 
stacked (fence type) tubular PBR (c) ORP, (d) schematics of the main components of the tubular reactors and (e) 635 
schematics of the main components of the ORP (excluding pumps, compressors and nutrient dosage tanks). Reproduced 636 
from Pérez-López et al. (2017), with permission from Elsevier, copyright 2017. 637 

 638 
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Table 2. Main features of microalgae-based pilot plants. Only primary data are reported (secondary or tertiary data are excluded, e.g., scaled-up literature’s data). “N.A.” means 639 
“not available”. 640 

Algal species Cultivation system (where 
not specified, outdoor); 
biomass conc. 

[kgDW m–3] 

Growth medium CO2 source Location Harvesting system; 
biomass conc. 

Biomass 
productivity 

Downstream phases Main product; 
co-products 

Testing time Reference 

1. Alexandrium 
minutum 

2. Karlodinium 
veneficum 

3. Heterosigma 
akashiwo 

Bubble column PBRs, 297 L 
(99 L per algal species): 

a) indoor with 
temperature-controlled 
room at 20°C ± 1°C and 
irradiated with fluorescent 
lights or 

b) outdoor; 

1. a) 1.25, b) 0.97 
2. a) 1.18, b) 1.03 
3. a) 1.2, b) 0.98 

Filtered seawater 
with L1-enriched 
medium without 
added silicates 

Pre-filtered air 

 

Barcelona 
(Spain) 

Centrifugation; 
~98.5% dw (wet 
pellet) 

N.A. X Biomass ~ 160 days Sevigné Itoiz et 
al. (2012) 

N.A. PBR, 12 m3, 10 m2; N.A. 

 

Tap water with 
modified Chu 
medium  

Air Curitiba (Brazil) Flocculation (NaOH 
or FeCl3), press-
filtration and spray 
drying; N.A. 

1.5 g L–1 d–1 X Biomass 9 days Silva et al. 
(2015) 

Nannochloropsis sp. 1. Horizontal PBR, 560 L; 
0.6-2.5 

2. Vertically stacked PBR, 
1060 L; 0.4-1.9 

3. ORP, 4730 L; 0.5 

Heather/chiller for T-
control at 20-30 °C. 

Seawater 
(chlorinated, 
microfiltered, and 
de-chlorinated by 
activated carbons) 
with nutrients 

CO2-enriched air Wageningen 
(Netherlands) 

Microfiltration and 
centrifugation; 22% 
dw 

 

1. 0.067-0.655 g L–

1 d–1 
2. 0.079-0.569 g L–

1 d–1 
3. 0.011-0.057 g L–

1 d–1 

X Biomass ~2.5-5 months Pérez-López et 
al. (2017) 

Desmodesmus 
subspicatus 

ORP, 8000 L (4 tanks of 
2000 L each) with air lift or 
paddle wheels; 

1. 0.6 
2. 1.12 

1. Wastewater 
(UASB treatment 
of toilet 
wastewater) 

2. NPK solution 

Air Laguna (Brazil) Flocculation with 
NaOH or 
electroflotation (Al 
or Fe electrode), 
filtration or 
centrifugation, and 
drying in tray oven; 
N.A. (probably water 
content is ~0 after 
drying). Separation 
and drying were 

1. 17 g m–2 d–1 

(0.1125 g L–1 d–1) 

2. 28 g m–2 d–1 
(0.15 g L–1 d–1) 

X Biomass N.A. (10 days 
per batch) 

Schneider et al. 
(2018) 
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studied on a minor 
scale. 

Acutodesmus 
obliquus 

Greenhouse systems: 

1. Tubular PBRs, 250 L, 
4.2 m2, water-cooling 
by sprinkling; 2.1 

2. Mesh ultra-thin layer 
PBRs, 100 L, 4.84 m2, 
with water-cooled 
double bottom; 6.6 

Water with added 
minerals; 1/2 
Tamiya medium for 
inoculum 

CO2 injection by 
magnetic valve 
(automatically 
regulated by pH 
measurement) 

Nuthetal 
(Germany) 

Centrifugation; N.A. 1. 0.15 g L–1 d–1 
2. 0.47 g L–1 d–1 

X Biomass 1. 12 batches 
2. 7 batches 
14 days per 
batch. 
Experiments 
during a period 
of 3 years 

Sandmann et al. 
(2021) 

Nannochloris sp., 
Nannochloropsis sp. 

ORP, ~1000 m2; < 1 Waste seawater 
(from a power plant) 
with fertilizer, 
groundwater to 
mediate pond 
salinity 

Waste flue gas 
with 13-14% 
CO2 

Ashkelon 
(Israel) 

Centrifugation; 20% 
dw 

3 g m–2 d–1 X Biomass N.A., but the 
value of 
productivity is 
an annual 
average 

Passell et al. 
(2013) 

1. Staurosira sp. 
2. Desmodesmus sp. 

Hybrid system with PBR 
(25 m3, 186 m2, horizontal 
serpentine, airlift driven) 
and ORP (60 m3, 421 m2); 
N.A. 

Filtered seawater 
with fertilizers 

CO2 at purity > 
99% 

Kona, Hawaii 
(U.S.) 

Settling, 
centrifugation, and 
ring drying; 90% 

1. 19 or 33 g 
m–2 d–1 

2. 23 g m–2 d–1 

X Biomass ~17 months 

 

Beal et al. 
(2015), Huntley 
et al. (2015) 

Scenedesmus 
obliquus 

ORP, 2500 L, 11 m2; 0.43 Freshwater with 
livestock 
wastewater (0.5%v/v) 

Pumped air Campania (Italy) Flocculation and 
centrifugation; 200 
kgDW m–3 

0.047 g L–1 d–1 X Biomass N.A. Jez et al. (2017) 

Scenedesmus 
dimorphus 

ORP, 65232.5 m2; 0.5 Freshwater Air Mysore (India) Flocculation with 
FeCl3; N.A. 

6 g m–2 d–1 X Biomass 3 months Togarcheti et al. 
(2017) 

Phaeodactylum 
tricornutum 

Bubble column PBR, 800 L, 
thermoregulated by a 
cooling equipment using 
freshwater; 0.96 
(maximum) 

Walne medium in 
seawater for 
inoculum, seawater 
with silicate for 
cultivation 

Air Concepción 
(Chile) 

Centrifugation; 150 
kgDW m–3 

0.13 g L–1 d–1 
(maximum) 

X Biomass 14 days Branco-Vieira et 
al. (2020, 2018) 

Nannochloropsis 
oceanica 

Green Wall Panel (GWP®) 
PBR with air bubbling, 28.1 
m2, 1.4 m3, cooling by heat 
exchanger and chiller 
(T<27 °C); 1.6 

Seawater with 
nutrients 

CO2-enriched air Sesto Fiorentino 
(Italy) 

Centrifugation; 20% 
dw 

N.A. X Biomass < 1 month Gaber et al. 
(2021) 

Tetraselmis suecica Indoor vertical bubble 
column PBR, 80 L, 20 °C, 12 
h light per day with 
continuous, cool white and 

Filtered seawater 
with nutrients 

CO2-enriched air 
from a power 
plant 

N.A. (probably 
Santiago de 
Compostela, 
Spain) 

Centrifugation; N.A. N.A. Three-step extraction with 
solvent: 1) hexane, 2) 
methanol and KOH after 
washing with ethanol, and 
3) methanol aqueous 

Bioactive 
compounds: 1) 
lipid fraction 
(45% PUFAs), 2) 
α-tocopherol, 

60 days Pérez-López et 
al. (2014b) 
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fluorescent light sources; 
N.A. 

solution. After each 
extractive process, algal 
paste was centrifuged.  

chlorophyll, and 
β-carotenoid, 
and 3) 
polyphenols; 
algal residual 
paste 

Haematococcus 
pluvialis 

Indoor airlift PBR, two-
stage process, 2000 L (2 
tanks), internally 
illuminated (16:8 regime); 
N.A. 

River/rain water 
(purified by RO and 
UV) with nutrients 
(differing in 
concentration and 
composition for the 
two culturing stages) 

Air Louvain 
(Belgium) for 
cultivation, 
Claregalway 
(Ireland) for 
extraction 

Settling (i) between 
growth and stress 
stage, and (ii) after 
stress stage, 
followed by 
centrifugation and 
spraydrying; 95% dw 

N.A. (0.005 
gastaxanthin L–1 d–1) 

Supercritical CO2 
extraction of astaxanthin 

Nutraceutical 
oleoresin with 
10% astaxanthin 
content 

N.A. Pérez-López et 
al. (2014a) 

Haematococcus 
pluvialis 

Multi-stage cultivations, 
including green and red 
phases: 

1. Outdoor Green Wall 
Panel (GWP) PBR, 0.1 m3, 
illuminated by LEDs; 1.16 
(red phase)  

2. Indoor Flat Panel Airlift 
(FPA) PBR, 93 m3, 0.11 
ha, illuminated by LEDs 
and ventilated for T-
control; 3.75 (red phase) 

3.  Outdoor Unilayer 
Horizontal Tubular (UHT) 
PBR, 93 m3, 0.24 ha, 
cooling by freshwater 
spraying; 0.88 (red 
phase) 

 

Freshwater with 
nutrients 

Pure CO2 (air for 
mixing) 

1. Montpellier 
(France) 

2. Stuttgart 
(Germany) 

3. Lisbon 
(Portugal) 

 

1.  X 
2.  X 
3. Microfiltration and 

centrifugation; 10-
20% dw 

1.  0.21 g L–1 d–1 
2.  0.75 g L–1 d–1 
3.  0.07 g L–1 d–1 
(red phase) 

X Biomass N.A. Onorato and 
Rösch (2020) 

641 
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6. LCA with primary data from microalgae pilot systems 642 

6.1. Methods 643 

The microalgal systems assessed by LCA with primary data from pilot plants are described in Table 3. Out of 644 

the fourteen studies selected, biomass, biofuels, and high-value products were considered as main products 645 

in five, six and three LCAs, respectively. They are grouped in this order in Table 3 and throughout the paper. 646 

In the microalgal systems for biofuels and high-value products, several co-products have been considered, 647 

depending on the process route assessed.  648 

The goal of the studies is the assessment of potential environmental impacts and energy consumption of 649 

microalgal-based production systems. Specifically, several LCA studies compared different systems, e.g., in 650 

terms of cultivation reactors, cultivation media, downstream processes, or plant location. In some LCA study, 651 

a comparison with equivalent products was included (i.e., conventional (bio)fuels). The modelling framework 652 

is attributional LCA.  653 

The scope of the studies is described across various columns of Table 3 and Table 4. The functional unit (FU) 654 

was 1 kg of dry biomass in most studies devoted to biomass production. In the case of biofuel products, 1 kg 655 

or 1 MJ of them was chosen as FU. When systems for high value biochemicals production were assessed, the 656 

FU was chosen with reference to the mass of microalgae or of the compound. There are also LCAs that used 657 

the size of the plant as FU. This latter choice bypasses the issue of multi-functionality treatment (allocation, 658 

system expansion), but, to the authors’ opinion, makes comparisons meaningless, unless those ones between 659 

systems with the same products. 660 

In 40% of the LCA studies, some scale-up of the primary data was performed, and projected/optimized 661 

scenarios were simulated. The comparison of Table 2 (especially the Main product; co-products column) with 662 

Table 3 (especially the System boundaries column) highlights that the products of real pilot plants (biomass 663 

in most cases) often differ from the products of the systems evaluated in the LCA, where the boundaries are 664 

extended by simulating downstream processes that do not exist in the real pilot installation. Therefore, most 665 

LCA studies treated the foreground product system only partially with primary data from pilot plants, while 666 

a relevant part of it regarding downstream processes was modelled by literature data. The cradle-to-gate 667 

boundaries are used in all studies, apart from one. Two examples of product system with its boundaries are 668 

provided in Fig. 12. 669 

Infrastructure (i.e., construction materials) was considered in most LCAs, while transportation of materials is 670 

included in fewer studies. The temporal boundary of the LCA was often omitted. When explicitly declared, 671 

the equipment lifespan was between 10 and 40 years. The geographic boundary reflects the location of the 672 

pilot installation, but additional scenarios were often simulated by changing the electricity grid mix. Finally, 673 
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the yearly operating time of the plant was omitted in most studies. Otherwise, it was around 300 days per 674 

year. 675 

  676 

 (a) (b) 677 

Fig. 12. Product system (foreground and background) for (a) the cultivation of Nannochloropsis sp. in pilot-scale reactors, 678 
and (b) the biodiesel production from Phaeodactylum tricornutum. Reproduced from (a) Pérez-López et al. (2017), with 679 
permission from Elsevier, copyright 2017; (b) Branco-Vieira et al. (2020), with permission from Elsevier, copyright 2020. 680 

Key methodological elements of the reviewed LCA studies are reported in Table 4. SimaPro and Ecoinvent 681 

were the most used LCA software and database, respectively. Multi-functionality, which occurs in the product 682 

systems for biofuels or biochemicals production, was treated mostly by system expansion (avoided products), 683 

while allocation was applied in some cases. Different methods were used for impacts assessment. CML 2001 684 

was the most used, followed by ReCiPe. Environmental impacts were evaluated ad midpoint in most cases 685 

(10 LCAs), while endpoint assessments were performed in fewer studies (4 LCAs). In almost all cases, 686 

sensitivity, scenario or uncertainty analyses were performed, thus broadening the range of results and their 687 

reliability. 688 

Overall, by analysing Table 3 and Table 3. Features of systems evaluated in LCA studies based on primary data 689 

from pilot plants. “N.A.” means “not available”.Table 4 we can observe many differences in the 690 

methodologies applied in the reviewed LCA studies. Several information was even not available. 691 

Heterogeneity of methods and lack of transparency is an issue for the analysis of results, as it will make 692 

comparisons difficult. 693 

 694 
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Table 3. Features of systems evaluated in LCA studies based on primary data from pilot plants. “N.A.” means “not available”. 696 

Goal Functional 
Unit 

Scale-up of primary data System boundaries Operating time 
[day y–1] 

Reference 

    Infrastructure Transport Temporal (or 
equipment 
lifespan) [years] 

Geographic   

To determine the principal 
environmental and energy 
impacts in the production of 
marine microalgal biomass 
under artificial (indoor) and 
natural (outdoor) conditions 
in a bubble column PBRs 
pilot plant. 

1 kg of dry 
biomass 

X Cradle-to-gate for biomass production ✓ X 10 Spain, energy 
mix with 57% 
fossil fuel 
energy 

N.A. Sevigné Itoiz et 
al. (2012) 

To assess the environmental 
impacts of microalgae 
cultivation in tubular 
compact PBRs at industrial 
scale. 

N.A. 
(biomass 
product) 

X Cradle-to-gate for biomass production ✓ ✓ N.A. Brazil, 
electricity from 
hydropower 

N.A Silva et al. 
(2015) 

To assess three different 
reactor configurations for 
the pilot-scale production of 
Nannochloropsis sp. in three 
periods of the year (summer, 
fall and winter), identifying 
environmental hotspots. 

1 kg of dry 
biomass 

Additional hypothetical 
scenarios without T-
regulation system (pilot) 
and with ~70% reduction 
in energy consumption 
(large-scale) 

Cradle-to-gate for biomass production ✓ ✓ 10 or 20, 
depending on 
properties and 
function of 
building 
materials 

The 
Netherlands 

~304 Pérez-López et 
al. (2017) 

To evaluate the potential 
environmental impacts of 
microalgae biomass 
production and to determine 
the best strategy for 
reducing them. The use of 
wastewater or NPK in the 
cultivation stage (ORP) is 
followed by several 
separation methods and 
drying in order to find a 
more environmentally 
friendly metod. 

8000 L 
raceway 
pond 

X Cradle-to-gate for biomass production X X N.A. Brazilian 
electricity mix 
(12.46% fossil 
fuels, 80.29% 
hydropower, 
2.88% nuclear, 
4.32% 
renewables) 

N.A. Schneider et al. 
(2018) 
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To compare two designs of 
PBRs (a reference tubular 
PBR vs. an innovative 
prototype reactor MUTL) for 
microalgae production with 
defining the environmental 
hotspots of the systems and 
perspectives for the 
improvement. 

1 kg of dry 
biomass or 
1 mmol of 
specified 
antioxidant 
capacity 

X Cradle-to-gate for biomass production X X N.A. N.A. N.A. Sandmann et al. 
(2021) 

To assess algae biodiesel by 
using data from commercial 
partners to capture the 
impacts from current 
commercial capabilities. The 
results were compared with 
soy biodiesel and low sulfur 
diesel. 

1 MJ 
produced 
by fuel 
(biodiesel) 
combustion 
in a CIDI 
vehicle 

1:101 in culture area for 
future scenario, where 
scaled-up data were 
optimized. 

Oil extraction is 
modelled at large-scale 
with data estimated 
from batch-scale source 
data. 

 

Pond-to-wheels for biodiesel production and use, simulating 
by extrapolation from batch-scale data and by the GREET 
1_2011 model downstream processes of wet extraction of oil, 
transesterification for oil-to-biodiesel conversion, and 
combustion in CIDI vehicle. 

Co-products: low value lipids, residual dry biomass (oilcake), 
and glycerine. 

X X N.A. Average U.S. 
electricity grid 
or average 
German 
electricity grid 
(the share of 
fossil fuels is 
about 55%, i.e., 
15% less than 
the average 
U.S. grid) 

N.A. Passell et al. 
(2013) 

To assess environmental 
impacts associated with ten 
case studies for biofuels and 
feed production from 
microalgae.  

1 ha of 
facility area 
for 
cultivation 
and 
processing 

1:1341 in culture volume Cradle-to-gate for biocrude production, simulating by 
experimentally derived data or literature data downstream 
processes of hexane extraction, Valicro thermochemical 
conversion, HTL, OpenAlgae's extraction, fermentation, 
catalytic hydrothermal gasification, and combined heat and 
power in different scenarios. 

Co-products: protein-rich and omega-3-fatty-acid rich animal 
feed, and ethanol.  

Filter pressing is simulated after settling in an alternative 
harvesting and dewatering configuration assessed. 

The carbon source assumed for the LCA was a 94% CO2 waste 
stream. 

✓ ✓ 30 

 

Hawaii or 
Texas (when 
not available, 
data for a 
global average 
excluding 
European 
Union (RoW) 
have been 
used). 

347 Beal et al. 
(2015) 

To evaluate the hot spots in 
site-specific production chain 
of biodiesel from terrestrial 
and microalgae feedstock, 
and to compare their 
impacts with first generation 
biofuels. 

1 kg of 
produced 
oil 

X Cradle-to-gate for refined oil production, simulating by 
literature data downstream processes of solvent extraction of 
microalgae oil, and stripping recovery for microalgae 
oil/hexane separation. 

Co-product: cake. 

✓ X 10 for pond and 
20 for centrifuge 

Italian medium 
voltage 
production, at 
grid 

275 Jez et al. (2017) 
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To analyze the life cycle 
energy requirements and 
environmental impacts of 
microalgae-based biodiesel 
production process under 
multiple scenarios. 

1 kg of 
biodiesel 

X Cradle-to-gate for biodiesel production, simulating by 
literature data dewatering by spray drying and mechanical 
drying, and downstream processes of lipid extraction (with 
hexane), conversion to biodiesel (transesterification), and 
bioelectricity generation from biogas; and simulating by lab-
scale data anaerobic digestion of residual biomass. 

Additional scenarios simulated by literature data.  

X X N.A. India, hard coal 
energy source 
for electricity; 
U.S. average 
grid electricity 
for additional 
scenarios 

N.A. Togarcheti et al. 
(2017) 

To assess the production of 
biodiesel from P. tricornutum 
cultivated in an industrial 
plant facility. 

1 MJ of 
biodiesel 

1:10,000 in culture 
volume 

Cradle-to-gate for biodiesel production, simulating by 
literature data downstream processes of freeze-drying, cell 
disruption by ball mill, lipid extraction by supercritical CO2, 
refining, and transesterification. 

Co-products: protein-rich biomass, glycerol. 

✓ ✓ 30 Chile 351 Branco-Vieira et 
al. (2020) 

To assess and compare the 
environmental impacts of 
Total Fatty Acid production 
with Nannochloropsis 
oceanica considering 
scenarios of upscaled 
production in novel Green 
Wall Panel PBRs at different 
sites in Italy (Tuscany and 
Sicily), identifying the 
ecological hot spots. 

1 kg of TFA 1:4500 in culture 
volume, up-scaled data 
were optimized 

Cradle-to-gate for TFA production, simulating by literature 
data downstream processes of cell disruption by 
homogenization, TFA extraction by solvent (MTBE), 3-phase 
separation, and solvent vaporization for recycle. HTL was 
included in additional scenarios (co-products: biocrude, 
nutrients). 

✓ N.A. N.A. Italian or 
Norwegian 
electricity mix 

240 or 330 Gaber et al. 
(2021) 

To identify the 
environmental profile of the 
production of five bioactive 
compounds (PUFAs, α-
tocopherol, chlorophyll, β-
carotenoid, and polyphenols) 
from Tetraselmis suecica. 

1 kg of dry 
biomass 

X Cradle-to-gate for bioactive compound production, simulating 
by literature data downstream processes of the residual algal 
paste, i.e., settling and centrifugation, anaerobic digestion, 
combustion for electricity production and fertilizer (digestate) 
production. 

✓ ✓ N.A. Spain for 
production of 
chemicals, 
equipment, 
materials and 
electricity; 
Chile for 
nitrate 
production 

N.A. Pérez-López et 
al. (2014b) 

To perform a comparative 
assessment of the 
environmental impacts 
associated with the 
production of H. pluvialis 
astaxanthin for nutraceutical 
or pharmaceutical uses at 
both lab and pilot scale in 
airlift PBRs with artificial 
illumination. 

800 g 
astaxanthin 

X Cradle-to-gate. 

Additional scenarios simulated by literature data. 

✓ ✓ 40 for PBRs Belgian and 
Irish grid 

N.A. Pérez-López et 
al. (2014a) 
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To evaluate the 
environmental impact of 
three different PBRs located 
in three different regions 
with/without artificial light 
for the production of H. 
pluvialis at 80–85% dw or 
astaxanthin during a period 
of one year. 

1 kg of dry 
biomass or 
1 kg of 
astaxanthin 

1. 1:930 in culture 
volume for GWP 

2. X for FPA 
3. X for UHT 

 

Cradle-to-gate for biomass or astaxanthin production, 
simulating by literature data either (1 and 2) complete 
harvesting with microfiltration, centrifugation and 
spraydrying, and astaxanthin extraction via supercritical CO2, 
or (3) spraydrying and astaxanthin extraction, depending on 
the availability of primary data associated to three different 
PBR systems: 
1. GWP or 
2. FPA or 
3. UHT 

Pure astaxanthin is assumed from extraction. 
Co-products in case of astaxanthin production: residual 
biomass substituting animal feed; or CO2, nutrients and 
electricity recycled from anaerobic digestion.  

✓ X 10 for PBRs and 
20 for other 
equipment 

1.  French grid 
mix 

2. German or 
French grid 
mix 

3. Portuguese 
grid mix 

1. 310 (green 
phase), 225 
(red phase) 

2. 310 (green 
phase), 225 
(red phase) 

3. 330  

Onorato and 
Rösch (2020) 

 697 

Table 4. Key elements of the methods used in LCA studies based on primary data from pilot plants. “N.A.” means “not available”. 698 

Software Database for background Multifunctionality: Expansion 

(avoided products) / Allocation 

Method for impacts 

assessment 

Endpoint Sensitivity / scenario / uncertainty analysis Reference 

SimaPro 7.1.8 Ecoinvent (version N.A.) X CML 2001, CED 1.4 X Net energy balance in five scenarios with increasing lipid content (25% upwards at 

intervals of 10%) and decreasing energy consumption (reduction by 50% for each 

subsequent scenario starting from the base case) 

Sevigné Itoiz et al. (2012) 

SimaPro 7 N.A X Ecological footprint, 

CML 2001, TRACI 

✓ X Silva et al. (2015) 

SimaPro 8 Ecoinvent (version N.A.) X CML 2001, CED X 8 scenarios based on cultivation method and season, plus hypothetical scenarios of 

energetically efficient pilot- and large-scale plants 

Pérez-López et al. (2017) 

SimaPro 

8.4.1.0 

Ecoinvent 2.1 X ReCiPe 1.06 ✓ - Ten  scenarios depending on cultivation medium, separation, and drying 
- Uncertainty analysis with Monte Carlo simulation 

Schneider et al. (2018) 

SimaPro 

8.2.0.0 

Ecoinvent 3.1, Agri- 

footprint 

X IMPACT 2002+ 2.21 ✓ Uncertainty analysis by Monte Carlo simulation Sandmann et al. (2021) 

SimaPro 7.2 Ecoinvent 2.0 Allocation based on energy 

content, or expansion 

N.A. X - Scenario analysis with 1) base case and 2) estimated future case of more efficient 

larger scale production; 

- Sensitivity analysis (further scenarios) for base case to biomass productivity, and for 

future case to a) grid, b) multi-functionality treatment, c) energy consumption by 

centrifuge, d) energy consumption by paddle wheel, e) energy consumption by belt 

filter press, f) algae oil / biomass ratio. 

Passell et al. (2013) 
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OSMOSE 

 

Ecoinvent 3.1 X 

(The chosen FU does not require 

multifunctionality treatment) 

IMPACT 2002+, ReCiPe  

 

✓ - Ten scenarios for both geographical locations (Hawaii or Texas) including five 
different process schemes and differing in several parameters (mixing method in the 
pond, nitrogen dosage, biomass productivity, electricity source) 

- Sensitivity analysis (for five of the previous scenarios) by considering two additional 
values (one less favourable and one more favourable) for several parameters 

Beal et al. (2015) 

SimaPro 7.3.3 Ecoinvent 2.2 Expansion ReCiPe 2008, CED X - Scenario analysis: 1) conventional electricity; 2) solar energy; 3) electricity from 
biogas produced by algae cake. 

- Uncertainty analysis by Monte Carlo method. 

Jez et al. (2017) 

GaBi 6.5.1.8 Ecoinvent, Peter Eyerer, 

European Life Cycle 

Database, Plastics Europe 

(versions N.A.) 

Allocation CML 2001 X Three scenarios with different biomass productivity, mode of culture mixing and type of 

energy source. 

Togarcheti et al. (2017) 

SimaPro 9 EcoInvent 3.3, ELCD 3.2, 

Agri-footprint 3.0 

Expansion ReCiPe 2016 (H) V1.00 X Sensitivity analysis with ±10% perturbation of various process parameters Branco-Vieira et al. 

(2020) 

OpenLCA 1.7 Ecoinvent 3.4 Expansion ILCD Midpoint 2011 X Scenario analysis: 1) Baseline; 2) Nutrient recycling and energy credit via HTL; 3) 2 + 

renewable energy. Two locations: a) Sicily; b) Tuscany. 

Gaber et al. (2021) 

SimaPro 7.3 Ecoinvent 2.0 Expansion for avoided electricity 

and fertilizers, Allocation by mass 

for various co-products 

CML 2001 2.04 X Scenario analysis: 1) Base case with use of the algal paste for biogas production; 2) Five 

alternative scenarios with different nitrogen sources (including digestate and algal 

paste) for cultivation 

Pérez-López et al. 

(2014b) 

SimaPro 7.3 Ecoinvent 2.0, IDEMAT 

2001 

Expansion CML 2001 X Scenario analysis: 1) Baseline (annular PBR with artificial light, producing 800 g 

astaxanthin); 2) annular PBR with sunlight, producing 400 g astaxanthin; 3) flat-panel 

PBR with artificial light, producing 800 g astaxanthin; 4 flat-panel PBR with sunlight, 

producing 400 g astaxanthin 

Pérez-López et al. 

(2014a) 

OpenLCA 1.6 Ecoinvent 3.3 Expansion ReCiPe 

(midpoint (H)) 2014 

X Scenario analyses by changing PBR type, using either French or German grid mix, four 

scenarios of residual biomass digestion (astaxanthin content and methane yield), and 

four scenarios (astaxanthin content) of residual biomass use as animal feed, combined 

in a total of either 16 or 15 scenarios of expanded systems for biomass digestion or feed 

Onorato and Rösch 

(2020) 

699 



37 
 

6.2. Results 700 

The LCA results of the selected studies are presented in the following sub-sections, which are differentiated 701 

in terms of main final product of the microalgae-based system evaluated. Of course, several co-products may 702 

be present in the assessed systems. LCI and LCIA results from different studies are heterogeneous due to 703 

differences in the adopted methodologies, in the presentation of data, and in the products of the process 704 

schemes analysed. Therefore, a comprehensive comparison among studies is not feasible, not even in the 705 

case of same or similar main product(s). Within these limits, LCA results from the reviewed papers are 706 

summarized, analysed, and discussed in the following, including some detailed examples of LCIA outcomes. 707 

6.2.1. Biomass 708 

Biomass is the final product in five LCA studies, three of which regarded PBRs for cultivation (Sandmann et 709 

al., 2021; Sevigné Itoiz et al., 2012; Silva et al., 2015), one dealt with open ponds (Schneider et al., 2018), and 710 

one compared both systems (Pérez-López et al., 2017) (Table 2). Infrastructure was included in three cases 711 

(Pérez-López et al., 2017; Sevigné Itoiz et al., 2012; Silva et al., 2015) (Table 3). 712 

LCI 713 

Focusing on the studies with the FU of 1 kg of dry biomass, Sevigné Itoiz et al. (2012) reported 0.2 and 0.3 kg 714 

kg–1 for construction materials, 0.85 and 1.06 m3 kg–1 for water consumption (seawater and water for 715 

maintenance washing, producing similar amounts of wastewater output), ~7-9 g kg–1 for nutrients, and 716 

energy consumption of 139-908 MJ kg–1 (i.e., 38.6-252.2 kWh kg–1), where lower values were for outdoor 717 

cultivation, while higher values were for indoor cultivation. In all cases, growing was the most energy-718 

intensive stage, while dewatering via centrifugation played only a minor role. Pérez-López et al. (2017) 719 

reported a detailed LCI, including construction materials of ~0.4-9.0 kg kg–1, 128-15984 L kg–1 for tap water 720 

(cleaning), 426-15628 L kg–1 for seawater, ~0.9-6.6 kg kg–1 for NaNO3 (main additional nutrient), 2.31-22.7 m3 721 

CO2, ~280-5600 kWh kg–1 for energy consumption (major contribution due to the cultivation stage, especially 722 

by the heating / cooling system). The minimum and maximum values of the ranges reported above regarded 723 

horizontal PBRs operated in summer and ORPs operated in winter, respectively. Vertically stacked PBRs (Fig. 724 

11b) required material and energy flows slightly higher than horizontal PBRs (Fig. 11a). Overall, almost all the 725 

main inflows inventoried by Pérez-López et al. (2017) were significantly higher than those by Sevigné Itoiz et 726 

al. (2012). Pérez-López et al. (2017) inventoried output wastes, consisting of construction materials (to 727 

landfill) and wastewater from cleaning and biomass concentration (to treatment plant). 728 

Some general considerations can be done from studies with different (or even not available) functional units. 729 

In Silva et al. (2015), concrete, steel and PVC are the most used construction materials (~12,000, 2600 and 730 

2200 kg, respectively, probably indicating the whole mass of the plant). In Schneider et al. (2018) sodium 731 

hydroxide (for flocculation) is the most used material after water (15.36 kg vs. ~6500 kg per batch in a 8000-732 
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liter raceway), which produced the various effluents reported as output. Sandmann et al. (2021) compared 733 

tubular PBRs with mesh ultra-thin layer PBRs, showing that the second option consumes less water and 734 

materials (cleaning and sterilization agents) due to a higher productivity, and leads to a higher specific 735 

antioxidant capacity. Note that Sandmann et al. (2021) used 1 kg of dry biomass or 1 mmol of specified 736 

antioxidant capacity as FU for the assessed impacts, but did not report the inventory based on either of them 737 

(Table 1 in Sandmann et al. (2021) seems rather referred to an average batch of cultivation). 738 

LCIA 739 

Regarding the Life Cycle Impact Assessment (LCIA), a comparison is possible between the results by Sevigné 740 

Itoiz et al. (2012) and those by Pérez-López et al. (2017), who used the CML 2001 method for impacts 741 

evaluation (Table 4) along with 1 kg of dry biomass as FU (Table 3). The impacts were lower in the LCA by 742 

Sevigné Itoiz et al. (2012) compared to that by Pérez-López et al. (2017) for most categories, e.g., GWP of 743 

22.9-153 vs. 214-4256 kg CO2-eq kg–1 biomass and human toxicity of 5.64-45.6 vs. 49.7-836 kg 1,4-DBeq kg–1 744 

biomass. Compared to them, Sandmann et al. (2021) reported intermediate values of GWP (189.40 and 745 

473.53 kg CO2-eq kg–1 biomass for tubular PBRs and mesh ultra-thin layer PBRs, respectively), but it was 746 

evaluated by a different method (IMPACT 2002+). 747 

The GWP estimated by Sevigné Itoiz et al. (2012) was 6 times lower in outdoor than in indoor conditions. The 748 

growing phase required the largest energy consumption due to pumping and air injection, and caused the 749 

largest impacts, contributing by more than 95% of all the categories in indoor conditions and by ~65%-90% 750 

in outdoor conditions (where the second impacting item was the bubble column PBR construction). 751 

Silva et al. (2015) found that structural steel, transparent and brown PVC for PBRs and packaging of materials 752 

transport contributed by more than 85% of the total impacts analysed by various methods. 753 

In Pérez-López et al. (2017) the total CED ranged ~3500-70,000 MJ kg–1 dry biomass, with energy consumption 754 

for temperature regulation causing the highest environmental burdens. The production of nutrients affected 755 

the categories of acidification (CML 2001) and non-renewable energy demand from biomass of primary 756 

forests (CED) by ~20% and 60%, respectively. Waste treatment (landfill for solid waste, discharge in sewage 757 

for wastewater) was included in the analysis, resulting into a relative contribution higher than 10% to some 758 

impact categories only in the case of cultivation in ORP. Fig. 13 reports the relative environmental profiles 759 

assuming the ORP operated under fall conditions as a reference. The environmental performance was 760 

affected by the cultivation system and season. However, the configuration was decisive only in fall and 761 

winter, while it led to mild effects in summer. Overall, horizontal PBRs presented slightly lower environmental 762 

impacts than vertically stacked PBRs, while the ORPs was characterized by the highest impacts. The 763 

environmental performance of tubular PBRs was less dependent on weather conditions, while the ORP may 764 

only be feasible during a limited period of the year. This outcome differs from previous LCAs, which suggested 765 

that ORPs have lower environmental impacts than PBRs. However, the geographical location may be crucial 766 
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(note that the LCA study by Pérez-López et al. (2017) regarded a plant installed in the Netherlands, 767 

characterized by low sunlight intensity, high rainfall and moderate to low temperatures). The simulation of 768 

large-scale plants with optimized temperature regulation systems exhibited reductions of environmental 769 

impacts and energy demand up to 90%, showing important potential improvements in the process scale-up. 770 

 771 

Fig. 13. Relative environmental profile of different cultivation configurations (horizontal PBR, vertically stacked PBR, and 772 
ORP, with cultivation in different seasons in the Netherlands followed by microfiltration and centrifugation) for the 773 
production of Nannochloropsis sp. algal biomass: impact categories of (a) CML methodology and (b) CED methodology. 774 
FU of 1 kg DW microalgal biomass. ADP – abiotic depletion;  AP – acidification; EP – eutrophication; GWP – global 775 
warming potential; ODP – ozone layer depletion; HTP – human toxicity; FEP – freshwater ecotoxicity; MEP – marine 776 
ecotoxicity; TEP – terrestrial ecotoxicity; POFP – photochemical oxidants formation; LC – land competition; NR-F – non-777 
renewable fossil energy demand; NR-N – non-renewable nuclear energy demand; NR-B – non-renewable energy 778 
demand from biomass of primary forests; R-B – renewable energy demand from food and agricultural sources; R-SWG 779 
– renewable energy demand from solar, wind and geothermal; R-HYD – renewable energy demand from hydropower; 780 
Total CEC – total cumulative energy demand. Reproduced from Pérez-López et al. (2017), with permission from Elsevier, 781 
copyright 2017. 782 

GWP - Global warming potential; SOD - Stratospheric ozone depletion; IOR - Ionizing radiation; OFH - Ozone 783 

formation, human health; FPF - Fine particulate matter formation; OFT - Ozone formation, terrestrial 784 

ecosystems; TAC - Terrestrial acidification; FWE - Freshwater eutrophication; TEC - Terrestrial ecotoxicity; 785 
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FEC - Freshwater ecotoxicity; MEC - Marine ecotoxicity; HCT - Human carcinogenic toxicity; HNT - Human 786 

non-carcinogenic toxicity; LUS - Land use; MRS - Mineral resource scarcity (kg Cu eq); FRS - Fossil resource 787 

scarcity; WAC - Water consumption 788 

Comparing different cultivation and separation scenarios, Schneider et al. (2018) did not find differences in 789 

the impacts by using air lift or paddle wheels. In contrast, using wastewater led to lower impacts than using 790 

the NPK solution. Despite both culture media led to carbon credits (net emission of ~–14 kg CO2-eq), the use 791 

of wastewater avoided environmental impacts because (i) there were no added inputs in the medium and 792 

(ii) it avoided wastewater treatment. This resulted in a negligible endpoint impact, while the NPK solution 793 

totalized a score higher than 350 mPt, especially associated to damage to human health and natural 794 

resources. Electricity consumption was the most detrimental input for almost all impact categories. 795 

Regarding the dewatering stage, electroflotation caused fewer impacts than flocculation (~180 mPt vs. 280 796 

mPt). However, the scenario with lowest impacts (~160 mPt) was the one configured with cultivation in 797 

wastewater followed directly by centrifugation (i.e., without flocculation neither electroflotation) and then 798 

drying. 799 

In the study by Sandmann et al. (2021) the environmental impact of the tubular PBRs was lower than that of 800 

the mesh ultra-thin layer PBRs across all impact categories when using the FU of 1 kg of dry biomass. 801 

However, the ranking in the environmental performance of the two cultivation systems was inverted when 802 

considering the FU of 1 mmol of specific antioxidant capacity of the biomass, as the mesh ultra-thin layer 803 

PBRs had a 10-fold increased antioxidant capacity. For example, the mesh ultra-thin layer PBRs exhibited a 804 

GWP dropped to 41.61 kg CO2-eq mmol–1 antioxidant capacity and a total endpoint impact of ~100 mPt, while 805 

the tubular PBRs had a GWP of 166.43 kg CO2-eq mmol–1 antioxidant capacity and a total endpoint impact 806 

higher than 500 mPt. Therefore, the mesh ultra-thin layer PBR is a promising reactor configuration for 807 

sustainable production of bioactive substances. 808 

6.2.2. Biofuels 809 

Biofuels or their precursors from microalgae are the main products of several LCA studies, despite primary 810 

data at pilot scale are available only for the cultivation and harvesting stages, while downstream processes 811 

are modelled by data from the literature or extrapolated from laboratory scale. 812 

LCI 813 

The LCI reported by Passell et al. (2013) for their base case includes inputs in the upstream section per kg of 814 

dry biomass of 1.67 m3 kg–1 for freshwater (salinity regulation and evaporation offset), 0.71 kg kg–1 for 815 

nutrients, 181 kg kg–1 for flue gas (~14% CO2 content), and 85 kWh kg–1 for electricity (79% in the cultivation 816 

phase, 35% to supply paddlewheels). An output of 179 kg flue gas kg–1 biomass was also reported. In the 817 

downstream section, requirements per kg of extracted oil were 0.33 kg kg–1 for hexane, 2.21 kWh kg–1 for 818 
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electricity (~90% in the belt filter press), and ~20.5 MJ kg–1 for heat, while data on transesterification and 819 

biodiesel combustion (simulated by GREET model) were not reported. The outputs in the oil extraction stage 820 

were 1.87 kg kg–1 for algae residue (oilcake), 0.67 kg kg–1 for low value lipids, and 17.35 L kg–1 for wastewater. 821 

Gaber et al. (2021) reported the LCI for a pilot reactor (GWP-PBR system) with reference to the FU of 1 kg 822 

produced TFA. The data included cooling water by 105 tons kg–1, cleaning water by 736 kg kg–1, nutrients 823 

demand of 0.44 kg kg–1, sodium hypochlorite by 0.83 kg kg–1, total electricity consumption of ~280 kWh kg–1 824 

(mainly due to the cultivation phase). Considering the TFA content of ~0.5 kg kg–1 dry biomass indicated by 825 

Passell et al. (2013), all these inputs have to be halved to obtain values comparable with the upstream LCI 826 

data by Passell et al. (2013). It follows that the consumptions of water, electricity, and nutrients by Gaber et 827 

al. (2021) are much higher, higher, and lower, respectively. This study estimated also two upscaled (and 828 

optimized) plants differing in the location. Their LCI exhibited markedly different data compared to the pilot, 829 

i.e., electricity consumption of ~22 kWh kg–1 (~7 kWh kg–1 in downstream processes) and no water for cooling. 830 

Moreover, the TFA extraction had a demand of MTBE solvent of 0.34 or 0.44 kg kg–1. Therefore, this TFA lipid 831 

extraction via MTBE solvent was characterized by input amounts somehow similar to those of the extraction 832 

with hexane from Passell et al. (2013). 833 

By referring to 1 kg biodiesel, Togarcheti et al. (2017) reported some LCI data, including 168 kWh kg–1 for 834 

energy consumption in pond cultivation (which dominated the total electricity consumption with 80% share, 835 

followed by mechanical dewatering), 170 MJ kg–1 for steam in spraydrying, and 4.33 kg kg–1 for FeCl3 836 

(flocculation). In the downstream section, lipid extraction accounted for hexane input of 6.22E-3 kg kg–1, 837 

electrical energy of 12.67E-3 kWh kg–1, and steam of 0.15 kg kg–1, which are lower even by several orders of 838 

magnitude compared to the values reported in the other studies. Probably the values in the table were 839 

affected by some typos. Transesterification for conversion into biodiesel required methanol by 0.11 kg kg–1. 840 

With reference to 1 kg produced biodiesel, Branco-Vieira et al. (2020) reported ~585 m3 kg–1 for freshwater 841 

(thermoregulation) and 13 m3 kg–1 for seawater (culture medium), 1.7 kg kg–1 for nutrients, 24.06 kg kg–1 for 842 

CO2, and 21.3 kWh kg–1 for electricity (95% in the centrifugation) in the upstream processes. Comparing these 843 

data with those of the pilot by Gaber et al. (2021) (assuming negligible effects due to the different FU), the 844 

consumption of materials (water and nutrients) was ~5 times higher, while the electricity consumption was 845 

~13 times lower. The latter was significantly lower also compared to that by Togarcheti et al. (2017). In 846 

contrast, the upstream energy consumption was similar to that estimated by Gaber et al. (2021) for upscaled 847 

plants (~15 kWh kg–1). In the LCI of downstream processes, Branco-Vieira et al. (2020) reported electrical 848 

energy consumption of 70.8 kWh kg–1 (40.79, 22.43, and 7.5 kWh kg–1 in paste freeze-drying, cell disruption, 849 

and lipid extraction, respectively), which is the highest among the LCA studies for microalgal biofuel reviewed 850 

in this section. However, this depends on the inclusion of the drying stage in the downstream processes. 851 

Other inputs were CO2 (supercritical) for lipid extraction (9.57 kg kg–1) and methanol for transesterification 852 
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(0.22 kg kg–1, of which 0.1 kg kg–1 were recovered, thus the net input corresponds to that reported by 853 

Togarcheti et al. (2017)). Outputs included wastewater (1.36 m3 kg–1), nutrients loss (0.73 kg kg –1), glycerol 854 

(0.1 kg kg–1), and residual biomass (10.97 kg kg–1). 855 

LCIs from other studies are not directly comparable to those discussed so far. Indeed, Beal et al. (2015) 856 

reported the LCI (in the SI, Appendix G) of ten case studies by using 1 ha of facility area as functional unit. 857 

Ranges of inputs across the assessed scenarios included ~65 tons ha–1 for LDPE, ~30-450 tons ha–1 for 858 

fertilizers, 1.5-7.3 GWh ha–1 for electricity, 0.7-25 TJ ha–1 for heat, and 0-14.4 tons ha–1 for solvent. In Jez et 859 

al. (2017) the LCI data regarded only the upstream section, and were reported per 1 kg m–2 d–1 algae. 860 

However, it was not clear which area was considered (e.g., pond area, or different areas occupied by the 861 

specific process units). 862 

LCIA 863 

Some comparisons can be made on absolute values of environmental impacts evaluated by different studies. 864 

Freshwater eutrophication spanned across four order of magnitudes, from the lowest values of 6.6E-5 to 865 

1.8E-4 kgP-eq kg–1 oil in Jez et al. (2017), through intermediate values of 3E-3 to 6E-3 kgP-eq kg–1 TFA in Gaber 866 

et al. (2021), up to the highest value of 6.4E-2 kgP-eq kg–1 biodiesel in Branco-Vieira et al. (2020). The study by 867 

Gaber et al. (2021) evaluated a GWP of 9.33-20.24 kg CO2-eq kg–1 TFA, which is quite lower than the range of 868 

~70-250 kg CO2-eq kg–1 biodiesel by Togarcheti et al. (2017) and the value of 217 kg CO2-eq kg–1 biodiesel by 869 

Branco-Vieira et al. (2020), due to the assumptions by Gaber et al. (2021) of (i) a low electricity consumption 870 

for cultivation in the upscaled system simulated even in their baseline case and (ii) the use of biogenic CO2 871 

(from a biogas plant) not included as input flow in the LCI. 872 

By using the FU of 1 MJ fuel combusted in CIDI vehicle, the assessment by Passell et al. (2013) showed that 873 

algae biodiesel was unsustainable compared to conventional diesel or soy biodiesel. For example, GWP and 874 

NER (energy in/energy out) were 1-2 orders of magnitude higher. This was caused by high impacts from 875 

cultivation and harvesting stages. By assessing a future case with improved algae biodiesel production (in 876 

terms of biomass productivity and algae-to-oil conversion, among other features), impacts and energy 877 

performance approached those of conventional (bio)diesel. In particular, base case and future case exhibited 878 

values of GWP of 2.88 vs. 0.18 kgCO2-eq MJ–1 and of NER of 33.44 vs. 1.37. A sensitivity analysis identified the 879 

case with 1.5 times increased algae oil/biomass ratio (0.75 kg kg–1) as the only one leading to a favourable 880 

value of NER (i.e., < 1). However, it was still far from that of conventional diesel (0.64 vs. 0.18). 881 

Beal et al. (2015) obtained promising results by assessing several case studies with output products including 882 

biocrude, animal feed, and ethanol. They used the FU of 1 ha of facility area for cultivation and processing, 883 

which was different from all other studies (Table 3). Results for energy performance showed EROI (energy 884 

out/energy in) values widely spanning from 0.34 to 8.35, thus prospecting promising opportunities. The 885 

highest value of EROI was estimated for a process scheme with HTL and wind power, which benefited of large 886 
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biocrude yields, on-site electricity and heat production, low embedded energy inputs due to high levels of 887 

nutrient recycling, and renewable energy use. Regarding environmental impacts, almost all the case studies 888 

had neutral or beneficial impacts on ecosystem quality, climate change, and water depletion, while some 889 

cases were harmful for human health and non-renewable resources and others were beneficial for these 890 

categories. Fossil-derived electricity (mostly consumed for cultivation), animal feed substitution, and 891 

biocrude substitution were the most impactful parameters. The use of commercial nitrogen fertilizer played 892 

some role. A sensitivity analysis showed that the EROI values were significantly affected by the use of non-893 

renewable energy rather than total energy the calculations, especially for case studies with wind power and 894 

large oil yields. Therefore, specifying which type of energy analysis is conducted (i.e., which EROI definition 895 

is used) is important to make comparisons across different studies. The CO2 concentration (94% in the 896 

baseline, 10% in the less favorable case representing a typical power plant flue gas, which is more available) 897 

was the most influential parameter for the environmental impacts. Overall, different process pathways were 898 

promising (also for economics), but the requirements for high purity CO2 and large amounts of fertilizer may 899 

be barriers to large-scale commercial deployment. Therefore, process optimization should be conducted with 900 

the use of atmospheric/waste carbon and waste nutrients. 901 

Results from the environmental analysis by Jez et al. (2017) were not quite as optimistic, highlighting that 902 

microalgae were neither competitive yet with oil crops nor with fossil fuel. Large impacts were caused by the 903 

severe energy demand (electricity and heat) and material consumption for the algae biomass production. 904 

The use of photovoltaic energy reduced some impacts of microalgae oil compared to the base case of 905 

electricity from Italian grid (e.g., ~68% in climate change and 66% in fossil depletion), but it also increased 906 

some other impacts (human toxicity and metal depletion, due to heavy metals and chemical reagents 907 

necessary in PV panel production). Compared to fossil fuel oil and rapeseed oil, microalgae-derived oil with 908 

renewable energy led to lower impacts in three categories (marine eutrophication, freshwater ecotoxicity, 909 

and agricultural land occupation) over twelve. This was due to the destination of microalgae cake as 910 

substituted of soybean meal (avoided product), suggesting that coupling biofuel production with co-products 911 

valorization can be a promising strategy to achieve environmental sustainability. 912 

Togarcheti et al. (2017) showed that cultivation in ORP with paddlewheel was the most energy intensive 913 

process, generating high impacts. The primary energy demand in cultivation was ~2500 MJ kg–1 biodiesel, 914 

and its reduction in the scenario with bioelectricity recovered from spent biomass derived biogas was 915 

negligible. This shows that the process is energetically unsustainable, as the energy content of microalgae 916 

biodiesel is ~40 MJ kg–1. Harvesting and downstream processes accounted for 13% of the overall energy 917 

demand, which was a minor relative contribution, but it is important when compared with the biodiesel 918 

calorific value. Two additional scenarios were simulated by literature data, including improved biomass 919 

productivity (from 6 g m–2 d–1 in scenario 1 to 11.5 or 15 g m–2 d–1 in scenarios 2 or 3, respectively), air pumping 920 
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for culture mixing (low energy demand, scenario 2), and U.S. average grid electricity (scenarios 2 and 3) 921 

instead of the hard coal Indian electricity of scenario 1. The additional scenarios had lower energy 922 

consumption in the cultivation phase (~18 and 122 kWh kg–1 biodiesel for scenario 2 and 3, respectively, 923 

against 168 kWh kg–1 biodiesel for scenario 1) and reduced the primary energy demand to ~200 MJ kg–1 or 924 

1800 MJ kg–1. Among the three scenarios, scenario 1 led to higher environmental impacts for all considered 925 

categories except one. The raceway pond was responsible of more than 80% contribution for all impact 926 

categories except one. Further scenarios were devised by increasing the productivity in scenario 1, showing 927 

a decrease in primary energy demand and in GWP up to ~60% (minimum values of ~700 MJ kg–1 and 70 kg 928 

CO2-eq kg–1). From this study it can be concluded that the optimization of the cultivation stage in terms of 929 

energy consumption and biomass production is crucial for the process sustainability. 930 

Branco-Vieira et al, (2020) found that PBR construction materials and energy consumption were the major 931 

contributors to the environmental impacts of microalgal biodiesel production. The relative contribution of 932 

the involved processes to each impact category is shown in Fig. 14. It shows that the upstream section 933 

(infrastructure, which was not included for downstream processes, plus cultivation and harvesting) caused 934 

more than 70% of the impact for most categories. Within the upstream group, cultivation operation is the 935 

most impactful item. The GWP was almost equally caused by the different processes, with a slight 936 

predominance of infrastructure, mostly due to the use of PMMA in the PBR construction. Cultivation was the 937 

second largest contributor to carbon emission due to the truck transportation of seawater. Carbon credits 938 

deriving from photosynthetic fixation of CO2 produced a negative GWP (~–6%). Positive impacts (i.e., impacts 939 

with negative value) in other categories occurred due to protein-rich biomass and glycerol co-products 940 

considered as avoided products. Among other impact categories, it can be highlighted that ~90% of water 941 

consumption (WAC) was related to the cultivation step, due to the large amount of freshwater used for 942 

thermoregulation. In contrast, seawater for culture medium was used in a much lower amount and was even 943 

recycled by 90% after harvesting. 944 

Within the downstream processes in Branco-Vieira et al, (2020), drying and cell disruption produced the 945 

largest impacts, followed by lipid extraction, while the effects of refining were almost negligible. Throughout 946 

the microalgal biodiesel production system, energy consumption was the highest contributor to the impacts 947 

on most of the analysed categories. The most energy-intensive step was biomass drying, requiring 43.7% of 948 

total energy use, i.e., 1.08 kWh MJ–1 biodiesel over a total of 2.47 kWh per MJ–1 biodiesel (which, by 949 

neglecting the energy content of co-products, would mean an energy out/energy in NER of only ~0.11).  950 

The sensitivity analysis by Branco-Vieira et al, (2020) showed that energy consumption, water reuse and 951 

transportation distance of seawater from ocean were critical parameters affecting the overall environmental 952 

profile of the system. The fertilizer use had only small effects, probably due to the water reuse after 953 

harvesting. Overall, the study by Branco-Vieira et al, (2020) suggested that the reduction of environmental 954 
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impacts can be pursued by using more sustainable materials for PBR construction, more renewable energy 955 

sources, and less-energy intensive drying technologies or processes for wet extraction of lipids. Moreover, 956 

the valorisation of co-products is an important aspect to further explore to improve the environmental 957 

sustainability of microalgal biodiesel production. 958 

 959 

Fig. 14. Process contribution through different impact categories (ReCiPe method) in biodiesel production from 960 
Phaeodactylum tricornutum (FU of 1 MJ biodiesel) – Upstream: cultivation in bubble column PBRs, harvesting by 961 
centrifugation; Downstream: freeze-drying, cell disruption by ball mill, lipid extraction by supercritical CO2, refining, and 962 
transesterification. GWP – global warming potential; SOD – stratospheric ozone depletion; IOR – ionizing radiation; OFH 963 
– ozone formation, human health; FPF – fine particulate matter formation; OFT – ozone formation, terrestrial 964 
ecosystems; TAC – terrestrial acidification; FWE – freshwater eutrophication; TEC – terrestrial ecotoxicity; FEC – 965 
freshwater ecotoxicity; MEC – marine ecotoxicity; HCT – human carcinogenic toxicity; HNT – human non-carcinogenic 966 
toxicity; LUS – land use; MRS – mineral resource scarcity; FRS – fossil resource scarcity; WAC – water consumption. 967 
Reproduced from Branco-Vieira et al. (2020), with permission from Elsevier, copyright 2020.  968 

Gaber et al. (2021) analysed a process to produce TFA, which includes triacylglycerols (TAGs) applicable for 969 

biodiesel production. Their baseline scenario was devised with electricity consumption for upstream 970 

processes upscaled with 15% reduction from the techno-economic analysis by Tredici et al. (2016), resulting 971 

in an energy consumption of only 5.6% of that measured in the cultivation pilot. LCIA results are depicted in 972 

Fig. 15 for two Italian locations differing in productivity and yearly operating days (higher values for Sicily). 973 

Environmental impacts were around 15% less at the site with better growth conditions (see the numbers 974 

reported on the top of the bars in Fig. 15). Electricity consumption and infrastructure caused more than 50% 975 

of impact for almost all categories. Other operational materials (sodium hypochlorite, CO2, solvents, 976 

operational oil) produced ~15-20% of impact, nutrients had an average contribution of ~10%, and tap water 977 

accounted for less than 10%. 978 

Additionally, Gaber et al. (2021) simulated a resource efficiency scenario by including HTL treatment of 979 

residual biomass for nutrients recycle (63% N, and 90% P) and biocrude production (56% energy credit 980 

compared to the baseline). An energy transition scenario was simulated as the resource efficiency one with 981 
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Norwegian electricity mix, which is 98% hydropower. The scenario analysis showed that the resource 982 

efficiency process scheme led to a mild reduction of impacts (11% on average), while the energy transition 983 

was more effective in the mitigation of impacts (36% on average). In the latter scenario, infrastructure and 984 

other operational materials became the most impactful items. In a comparison with soybean oil (assessed by 985 

inventory database), the TFA production from microalgae was uncompetitive, as it led to higher impacts in 986 

all categories, except from land use. Overall, the LCA of Gaber et al. (2021) highlights that high productivity, 987 

nutrient recycling, bioenergy credits, and renewable energy can improve the environmental performance of 988 

microalgal biofuel production. However, it suffers from crucial barriers, such as the use of impactful 989 

infrastructure and operations. 990 

 991 
Fig. 15. Process contribution to environmental impact categories (ILCD Midpoint 2011 method) for the production of 1 992 
kg TFA from Nannochloropsis oceanica – Upstream: cultivation in GWP-PBRs, harvesting by centrifugation; Downstream: 993 
cell disruption via homogenization, TFA extraction by solvent (MTBE), 3-phase separation, and solvent vaporization for 994 
recycle. Reproduced from Gaber et al. (2021). 995 

6.2.3. High-value products 996 

Three LCA studies based on pilot primary data were focused on high-value products as main products of the 997 

system. The LCA by Pérez-López et al. (2014b) assessed the production of several bioactive compounds for 998 

possible applications in the pharmaceutical and food/feed sectors, while the studies by Pérez-López et al. 999 

(2014a) and by Onorato and Rösch (2020) explored the production of astaxanthin, a red carotenoid pigment 1000 

with antioxidant, photoprotection and provitamin A activity, which is widely used in the cosmetic, 1001 

nutraceutical and feed sectors. 1002 

LCI 1003 

Pérez-López et al. (2014b) reported a detailed LCI referred to 1 kg of algal biomass. Inputs of the pilot for 1004 

cultivation and extraction included ~0.82 kg kg–1 for construction materials (mainly stainless stell and 1005 

methacrylate), 1296 L kg–1 for seawater, 129 L kg–1 for distilled water and tap water, ~510 g kg–1 for nutrients 1006 
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(mainly NaNO3), 4.48 kg kg–1 for CO2, 22.1 g kg–1 for hexane (quantities of other chemicals for extraction were 1007 

not reported), and 68.7 kWh kg–1 for electricity from grid. Outputs were reported as well, including co-1008 

products (69.7 mg kg–1 for α-tocopherol, 3.76 g kg–1 for polyphenols, 3.21 g kg–1 for β-carotenoid, 8.76 g kg–1 1009 

for chlorophyll, 164 g kg–1 for lipids (45% PUFAs), 820 g kg–1 for residual algal paste), water emissions (1527 1010 

L kg–1  for wastewater,  ~110 g kg–1 for nutrients, and roughly 0.6 kg kg–1 for chemicals), and solid waste to 1011 

landfill or incineration (construction materials). The biogas production from residual biomass was 1012 

characterized by relatively low flows, comprising recovered bioenergy (4.44 MJ kg–1) and nutrients (~83 g kg–1013 

1). 1014 

Onorato and Rösch (2020) reported inventory data on yearly basis, but the values with reference to 1 kg of 1015 

biomass can be easily calculated (simply by dividing by the yearly biomass production in the red phase). The 1016 

main inputs of cultivation in the Green Wall Panel (GWP), Flat Panel Airlift (FPA), and Unilayer Horizontal 1017 

Tubular (UHT) PBRs can be summarized as 1779, 371, and 1691 L kg–1 for water, 127, 50, and 75 g kg–1 for 1018 

nutrients, 57, 7, and 5 kg kg–1 for CO2, and 312, 293, and 18 kWh kg–1 for electricity. The electricity required 1019 

for harvesting was 6.0, 7.3 and 6.4 kWh kg–1 (mainly due to spraydrying) for GWP, FPA and UHT PBR, 1020 

respectively. Finally, astaxanthin extraction with supercritical CO2 solvent, which was simulated with 1021 

literature data, was not inventoried. 1022 

In comparison with the LCIs of the three PBR systems from Onorato and Rösch (2020), the LCI of the small 1023 

pilot assessed by Pérez-López et al. (2014b) required a quantity of water similar to that of the UHT PBR, an 1024 

amount of nutrients four times that of the GWP PBR, a demand of CO2 similar to that of the FPA and UHT 1025 

PBRs, and an intermediate value of electrical energy. More in general, the LCI values reported above for 1026 

microalgal systems operated to produce added-value products are quite aligned with those reported in 1027 

section 6.2.1 for biomass production pilots, with the energy consumption of 18 kWh kg–1 of the UHT PBR pilot 1028 

in Onorato and Rösch (2020) standing out as the lowest value. 1029 

Pérez-López et al. (2014a) used the FU of 800 g of astaxanthin (corresponding to the carotenoid mass 1030 

extracted from a complete cycle of five cultures), thus their LCI results cannot be compared with those from 1031 

other studies. However, for the sake of completeness, the main inputs are reported here: 800 g astaxanthin 1032 

required ~13 kg construction materials (mainly stainless steel), 6795 kg water, 8 kg nutrients, 0.26 tons of 1033 

CO2, and 1980 kWh electricity (78% for lightning). 1034 

LCIA 1035 

Two separate comparisons can be made on absolute values of environmental impacts from the three 1036 

different studies, as they used different assessment methods, functional units, or system boundaries (Table 1037 

3 and Table 4). 1038 
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(1) With reference to one kg of algal biomass, Pérez-López et al. (2014b) evaluated impacts for bioactive 1039 

compounds production, by including acidification potential, GWP, and ozone layer depletion of 1.64 kg SO2-1040 

eq kg–1, 56.7 kg CO2-eq kg–1, and 5.67 mg CFC-11eq, respectively; Onorato and Rösch (2020) estimated impacts 1041 

for biomass production in four scenarios, i.e., GWP PBR with French grid, FPA PBR with either German or 1042 

French grid, and UHT PBR with Portuguese grid, by including terrestrial acidification of 0.44, 0.52, 0.35, and 1043 

0.12 kg SO2-eq kg–1, and climate change of 91.37, 265.21, 80.62, and 20.93 kg CO2-eq kg–1, respectively, while 1044 

ozone depletion was zero for all scenarios. Overall, the cultivation systems assessed by Onorato and Rösch 1045 

(2020) tend to be less impactful across the different categories, but GHG emissions are reduced only in the 1046 

case of the UHT PBR pilot. 1047 

(2) With reference to 1 kg astaxanthin, a value of GWP of 2325 kg CO2-eq kg–1 can be retrieved from Pérez-1048 

López et al. (2014a), which is intermediate compared to the values of climate change in the range 378-6119 1049 

kg CO2-eq kg–1 reported by Onorato and Rösch (2020). They evaluated environmental impacts across fifteen 1050 

scenarios (with residual biomass use for biogas or feed production), obtaining the lowest value of climate 1051 

change in the scenario of feed production (substitution of soybean), 10% astaxanthin content (the highest 1052 

value considered) in the algal residue, and UHT PBR. 1053 

Pérez-López et al. (2014b) identified the culturing step for bioactive compounds production as the most 1054 

impactful for all categories, with a relative contribution ranging from 73% to 97% depending on the impact 1055 

category. Extraction was the second contributor, especially due to its electricity consumption. The electricity 1056 

consumption for cultivation was significant (~58% of the total), but the impacts associated to this step were 1057 

primarily caused by nutrients (especially nitrogen) and transport (of nutrients and seawater). Alternative 1058 

nitrogen sources (inorganic and organic fertilizers, including recycled digestate and algal paste) were 1059 

assessed in additional scenarios, showing an interesting potential for impact mitigation. Primary pilot data 1060 

were integrated by literature data to assess a PBR-ORP hybrid system, showing a significant reduction of 1061 

energy consumption (up to 56%) and of environmental burdens. However, cultivation in ORP may be affected 1062 

by contamination issues, whose risk should be minimized in the production of high-value compounds. 1063 

In the production of astaxanthin (10% in the oleoresin product), Pérez-López et al. (2014a) compared the 1064 

pilot with a lab-scale system, showing an efficient scale-up of the process that led to environmental impacts 1065 

lower by 1-2 orders of magnitude. The cultivation stage was predominant in impacts generation, contributing 1066 

by more than 80% in all impact categories (Fig. 16a). The second contribution to impacts was provided by the 1067 

astaxanthin extraction step, followed by biomass harvesting. Electricity consumption, which occurred mainly 1068 

for PBR lightning (78%), was the most impactful flow (more than 75% contribution in all impact categories), 1069 

followed by materials and chemicals (Fig. 16b). In the scenario analysis, flat-panel PBRs (modelled by 1070 

literature data) with artificial illumination provided the lowest impacts, which were reduced between 62% 1071 

and 79% across the different categories. The study led to the conclusion that cultivation and electricity 1072 
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consumption were the main environmental hot spots to address for the implementation of industrial scale 1073 

processes.  1074 

  1075 
 (a) (b) 1076 

Fig. 16.  (a) Process contribution and (b) flow contribution to environmental impact categories (CML 2001 method) for 1077 
the production of astaxanthin from Haematococcus pluvialis – Upstream: multi-stage cultivation in indoor airlift PBRs, 1078 
settling, centrifugation, and spraydrying; Downstream: supercritical CO2 extraction. Reproduced from Pérez-López et al. 1079 
(2014a), with permission from Elsevier, copyright 2013. 1080 

With a similar process system, the extraction of astaxanthin (assumed to be pure) was studied also by 1081 

Onorato and Rösch (2020), who compared different PBR configurations operated with either artificial or 1082 

natural light (GWP or FPA PBR in the former case, UHT PBR in the latter case). In a first analysis, the LCA of 1083 

the production of H. pluvialis (cultivation and harvesting) was carried out. In all systems, the second stage 1084 

(red phase) of cultivation was the main hotspot for all the impact categories (contribution of 80–85%). An 1085 

abstract of relative results is reported in Fig. 17 and Fig. 18, presenting the contributions of flows to the 1086 

assessed environmental impacts and the environmental profile of the PBR systems, respectively. The GWP 1087 

PBR exhibited LED production (electricity and materials) as the main hotspot, followed by electricity for 1088 

lighting and then by energy for the process (including pumps and blower) (Fig. 17a). In the FPA PBR 1089 

configuration with German energy mix, lighting was the main hotspot at the expense of reduced relative 1090 

contributions of LED production and energy for the process (Fig. 17b). By switching the FPA PBR to the French 1091 

energy mix (Fig. 17c), the relative contributions across the assessed impact categories were more similar to 1092 

those of the GWP PBR, i.e., they were characterized by a predominant role of LED construction. For example, 1093 

LED construction switched from less than 10% in the German grid case to ~50% in the French grid case. This 1094 

behaviour was due to the lower impacts of lighting thanks to the electricity supply from a grid with a lower 1095 

share of fossil fuel derived energy (9.1% in the French grid vs. 59.5% in the German grid). Overall, using 1096 

artificial light had significant contributions to environmental impacts regardless the specific scenario of PBR 1097 

configuration or grid mix considered. In contrast, the UHT PBR system, which did not use artificial light, 1098 

exhibited the energy for the process as main hotspot, followed by CO2 (production in liquid form) and 1099 

materials (Fig. 17d).  1100 
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Fig. 18 highlights the benefits of an electricity mix with a higher share of renewable energy (FPA with French 1101 

mix compared to FPA with German grid) in reducing several environmental impacts. It also shows clearly that 1102 

the UHT PBR system led to the lowest impacts across all categories, thus being the most promising for 1103 

environmental-friendly production of algal biomass. Interestingly, this was even the configuration with the 1104 

lowest productivity (Table 2) and with the most penalizing energy mix from the grid (89.2% fossil fuel). 1105 

However, despite these drawbacks, it had the best environmental performance thanks to the lowest energy 1106 

consumption allowed by the natural lighting (~6% of the energy consumption of GWP or FPA systems, see 1107 

LCI data reported above). 1108 

 1109 

 (a) (b) 1110 

 1111 

 (c) (d) 1112 

Fig. 17. Flow contribution to environmental impact categories (ReCiPe method) for the production of Haematococcus 1113 
pluvialis algal paste via multi-stage cultivation in different PBR systems: (a) GWP with French grid, (b) FPA with German 1114 
grid, (c) FPA with French grid, or (d) UHT with Portuguese grid. The GWP and FPA PBRs were illuminated by LEDs, while 1115 
the UHT PBR was illuminated by sunlight. The harvesting step included microfiltration, centrifugation, and spraydrying. 1116 
CC – climate change; TA – terrestrial acidification; IR – ionising radiation; HT – human toxicity; WD – water depletion; 1117 
TET – terrestrial ecotoxicity; OD – ozone depletion; FE – freshwater eutrophication; FET – freshwater ecotoxicity; MD – 1118 
metal depletion; FD – fossil depletion; ALO – agricultural land occupation. Reproduced from Onorato and Rösch (2020), 1119 
with permission from Elsevier, copyright 2020. 1120 

 1121 
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 1122 

Fig. 18. Relative environmental profile (ReCiPe method) of different PBR systems for the production of Haematococcus 1123 
pluvialis algal paste via multi-stage cultivation. The GWP and FPA PBRs were illuminated by LEDs, while the UHT PBR 1124 
was illuminated by sunlight. The harvesting step included microfiltration, centrifugation, and spraydrying. CC – climate 1125 
change; TA – terrestrial acidification; IR – ionising radiation; HT – human toxicity; WD – water depletion; TET – terrestrial 1126 
ecotoxicity; OD – ozone depletion; FE – freshwater eutrophication; FET – freshwater ecotoxicity; MD – metal depletion; 1127 
FD – fossil depletion; ALO – agricultural land occupation. Reproduced from Onorato and Rösch (2020), with permission 1128 
from Elsevier, copyright 2020. 1129 

The second part of the study by Onorato and Rösch (2020) was devoted to the product system including the 1130 

extraction of astaxanthin via supercritical CO2, expanded with residual biomass use for either anaerobic 1131 

digestion (electricity recovery) or feed production. The astaxanthin content in the biomass was low, i.e., 2.6%, 1132 

4.8% and 2.12% for the GWP, FPA, and UHT systems, respectively. Therefore, impacts for 1 kg astaxanthin 1133 

FU were much higher than those for 1 kg biomass FU. In a scenario analysis, an enhanced value of 10% 1134 

astaxanthin was included, showing that a higher carotenoid content can effectively reduce environmental 1135 

impacts of the system expanded with anaerobic digestion; for example, climate change was reduced by 1/2-1136 

2/3, with the UHT PBR having the best performance in all scenarios. The system expanded with feed 1137 

production (soybean substitution) showed a tendency to be less impactful, producing even negative impacts 1138 

in two out of five categories, and reducing the other three (positive) impacts as the percent of astaxanthin in 1139 

the biomass was let to increase. Among fifteen selected scenarios of different PBR configuration, grid mix, 1140 

astaxanthin content and use of residual biomass, there was not a best solution for all impact categories; 1141 

though still having good performance, the UHT PBR could be not identified as the best reactor configuration. 1142 

The main conclusions from the comparative LCA by Onorato and Rösch (2020) were that use of renewable 1143 

energy, installation in locations suitable for cultivation with sunlight, and valorisation of co-products can 1144 

effectively improve the environmental sustainability of microalgal biomass production and astaxanthin 1145 

extraction. Moreover, the maximization of the added-value compound productivity should be pursued in 1146 

order to mitigate its high burdens. Further research efforts are needed to develop and characterize pilot PBR 1147 

systems. 1148 

 1149 
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7. Conclusions and perspective 1150 

The present review was devoted to LCA studies with primary data from large microalgae-based production 1151 

systems (pilot to industrial scale, >~100 L as culture volume). The search of relevant papers led to the 1152 

selection of 14 studies satisfying the selection criteria. It was found that almost all the selected LCA studies 1153 

were based on primary data only for the upstream processes (cultivation and harvesting), while downstream 1154 

processes (if any) were simulated by literature data. 1155 

The adoption of different LCA methods (functional unit and LCIA method, among others) and of different 1156 

modes of results presentation (aggregation and disaggregation of flows and processes in the impacts 1157 

assessment, relative or absolute impacts) made a comprehensive comparison among studies impossible. 1158 

Moreover, some lack of transparency (not available information) made elaboration of data difficult and 1159 

interpretation of results ambiguous. However, the following conclusions can be drawn. 1160 

Cultivation and harvesting of microalgae in pilot plants showed an environmental performance affected 1161 

significantly by electricity consumption and infrastructure. Outdoor systems illuminated by sunlight are by 1162 

far more environmental-friendly than systems with artificial light. On the other hand, temperature regulation 1163 

was an issue for energy consumption or water demand. Electricity grid mixes with high share of renewable 1164 

sources were crucial to reduce environmental impacts. The geographic location can play a major role, which 1165 

is inseparable from the choice of the reactor type. All the above is even more important by considering that, 1166 

in the studies including downstream processes, the upstream section produced the largest impacts.  1167 

Several LCA studies on microalgal biofuels showed that they are not competitive with conventional (bio)fuels 1168 

in terms of both net energy ratio and environmental impacts. However, some multi-product scenarios 1169 

showed promising results. The production of high value biochemicals, e.g., antioxidants, was characterized 1170 

by a short and poorly impactful downstream section and showed that the valorisation of co-products 1171 

(residual biomass) was effective in reducing the environmental impacts. 1172 

Future studies should be aligned by a homogenization and harmonisation in the methods and should satisfy 1173 

the essential requirement of clarity. More efforts should be devoted on the assessment of large-scale plants 1174 

by using primary data. From the technological point of view, the cultivation stage should be optimized in 1175 

terms of energy consumption and biomass production. The use of wastewater, waste CO2 (flue gas), and 1176 

alternative (or internally recycled) nutrients would boost the process sustainability. In a wider perspective 1177 

including the downstream section, integrated biorefinery concepts deserve much more attention for the 1178 

design and assessment of sustainable systems. In the case of high value compounds, the biochemical’s 1179 

productivity should be maximized to mitigate the high environmental burdens. 1180 
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Finally, the multi-dimensional character of sustainability can not be neglected. LCAs should be coupled with 1181 

techno-economic analyses, with possible follow-up in enviro-economic optimization studies. This will allow 1182 

the continuation of the journey along the roadmap towards the spread of commercial systems.   1183 
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