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Abstract 

The energy balance of a hypothetical microalgae-based wastewater treatment plant (WWTP) 
has been performed for thirteen geographic locations covering the whole range of latitudes, 
longitudes and climate conditions of the different Spanish regions. The proposed WWTP 
includes high rate algae ponds (HRAPs) for secondary treatment and nitrogen removal, 
anaerobic codigestion of primary sludge and the biomass grown in the HRAPs, and a combined 
heat and power unit for electricity and heat production. The operation of the HRAPs was 
optimized using the BIO_ALGAE model, which also predicted the biomass production of the 
HRAPs under the different climate conditions. Under the assumptions of this study, the 
electrical energy balance resulted neutral or even positive in all the locations during the whole 
year, in spite of the climatic conditions variations. However, the heat balance resulted closer to 
the neutral footprint. The most favorable locations (Almeria and Seville, south of Spain) were 
analyzed in detail, confirming the feasibility of a positive electrical energy balance, while the 
heat balance resulted slightly negative in the cold season. Along with the solar radiation, the air 
temperature and its variation during the year are determinant to predict the feasibility of the heat 
balance in the proposed WWTP scheme. 
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1. Introduction 

Microalgae-based wastewater treatment plants (WWTPs) are founded on the development of the 
interactions between microalgae and bacteria in order to remove pollutants from wastewater. 
Microalgae are photosynthetic organisms that produce oxygen and at the same time fix nutrients 
as well as solar energy in potentially valuable biomass. Aerobic bacteria use the produced 
oxygen to stabilize organic matter, achieving the objectives of secondary treatment, whereas 
they release carbon dioxide (through respiration) and nutrients (through degrading activity) 
needed for microalgae growth. This coupled microalgae-bacteria operation leads to a 
nature-based wastewater treatment system, with a very low energy consumption compared to 
conventional systems, since there is no need for electromechanical equipment for aeration. 

During the last years, the search for alternative fuels to mitigate climate change has been one of 
the main driving forces boosting the interest in microalgae-based systems (Chisti, 2007), 
especially high rate algae ponds (HRAPs). HRAPs are outdoor open raceways that have been 
traditionally used in commercial production of microalgae and cyanobacteria, and also for 
wastewater treatment (Acién et al., 2016). These raceway ponds are closed-loop flow channels 
with a typical water depth of about 0.3-0.4 m, containing the mixed liquor (wastewater, 
microalgae and bacteria) which is constantly stirred, usually by means of slowly rotating 
paddlewheels. This mechanical stirring keeps the biomass in suspension and contributes to 
decrease light photosynthesis limitation, subsequently maximizing microalgae activity. 
Currently, biofuel production from microalgae is still price prohibitive, but the advantages of 
treating wastewater in HRAPs by means of mixed microalgae-bacteria cultures make this 
application highly attractive. Generally, and compared to conventional WWTPs, the estimated 
costs saving, including electrical power, is relevant enough to consider HRAPs for wastewater 
treatment independently from biofuels generation (Suganya et al., 2016). 

In addition, anaerobic digestion of algal biomass along with settled wastewater solids (primary 
sludge) is an easy way to convert microalgae to biofuel (as biogas) and to recover nutrients from 
wastewater as a fertilizer after biofuel conversion (Craggs et al., 2014). All in all, characteristics 
such as the low energy consumption and production of a valuable biomass are of significant 
importance in order to achieve energy-neutral balance and self-sufficiency in WWTPs. By this 
approach, combining microalgae-based wastewater treatment in HRAPs and biogas production 
from the harvested biomass through anaerobic digestion, WWTPs can achieve a positive energy 
balance (Passos et al., 2017).  

The performance of HRAPs is mainly influenced by the local irradiance and water temperature 
(Chisti, 2016), so that the geographic location of the microalgae-based WWTP has the greatest 
impact in biomass productivity and effluent quality (Dodd, 1986; Oswald, 1988); whereas the 
environmental temperature has a great impact in the energy requirements for maintaining 
anaerobic digesters at the desired temperature. Given the favorable climatic conditions of Spain, 
compared to those in other areas in Europe, it is expected that microalgae-based WWTPs could 
contribute to accomplish some of the current wastewater treatment challenges, such as 
providing an appropriate treatment to small and medium communities, upgrading existing 
facilities to implement nutrient removal or recovery, and reducing the energy consumption.  

The objective of this study is to assess the feasibility of microalgae-based WWTPs from the 
energetic point of view under different Spanish climate conditions. To this aim, the energy 
balance of a hypothetical microalgae-based WWTP with anaerobic codigestion of harvested 
biomass and primary sludge has been assessed. The methodology previously presented by 



Passos et al. (2017) was complemented by applying advanced simulation modelling tools to 
predict the performance and the biomass productivity of the treatment plant. The model 
simulations and energy balance have been conducted in thirteen geographic locations in Spain, 
in order to evaluate the effect of the different climatic conditions. Furthermore, a sensitivity 
analysis has been performed in order to evaluate how the main input parameters may influence 
the results of the energy balance. 

2. Materials and methods 

2.1. Plant setup and geographic locations 

A diagram of the proposed microalgae-based WWTP is shown in Figure 1. The treatment 
scheme consists of primary settling, HRAPs for biological treatment, secondary settling, and 
anaerobic codigestion of the harvested biomass and primary sludge. This scheme has been 
proposed aiming to achieve a neutral or positive energy balance, while accomplishing the 
desired effluent quality, based on: (i) nature based biological treatment with low energy 
demand; (ii) organic matter collection in a primary treatment in order to recover energy from 
wastewater and to reduce the organic loading to the biological process; and (iii) energy recovery 
unit to produce biofuel from the biomass and sludge. The hypothetical plant was dimensioned 
and designed according to the experimental results detailed below. This treatment scheme was 
used for the design and the energy balance assessment in the thirteen geographic locations. It is 
assumed that the hypothetical plant receives a constant wastewater flow rate of 1,500 m3 d-1, 
corresponding to an urban community of approximately 10,000 population equivalent (PE) in 
south Europe (Passos et al., 2017). It includes a conventional physical pretreatment, followed by 
two settling tanks (in parallel) for primary treatment, and four HRAPs (in parallel) for 
secondary treatment and nitrogen removal. Each HRAP has a volume of 3,000 m3 (total HRAP 
volume of 12,000 m3), corresponding to a hydraulic retention time (HRT) of 8 days. According 
to previous research, this is the highest HRT necessary in order to achieve standard secondary 
treatment requirements and nitrogen removal in winter in southern Europe (García et al., 2006, 
2000). The depth of the HRAPs is assumed 0.4 m and the surface of each of them equals 0.75 
ha. HRAPs are considered to have the typical shape of raceways with two channels and two 
reversals (469 m long and 8 m wide, each channel). Initially, and according to the experience 
gathered in southern Europe (Barcelona, Spain) only two of the four HRAPs would operate 
during the warm months (this means 4-days HRT, from April to September) (García et al., 
2000). During the cold months (from October to March), 3 or 4 HRAPs would be operative 
(depending on the location), providing a 6-days or 8-days HRT, respectively. This operation 
strategy was optimized through mathematical simulations in order to provide a satisfactory 
effluent quality (see Section 2.2.). 

The effluent from the HRAPs is clarified in two secondary settling tanks (in parallel), with the 
aid of coagulant addition in order to ensure a high biomass separation (Gutiérrez et al., 2016). 
Harvested biomass is then submitted to thickening, and it is pretreated in a thermal pretreatment 
unit at 75 °C during 10 h, as proposed by Passos and Ferrer (2014) and Passos et al. (2017), 
prior to the anaerobic digestion at 35 oC. 

Primary sludge, collected in the primary settling tanks, is also submitted to thickening before 
being used as co-substrate in the anaerobic digestion. The total inflow to the digestion unit is 
therefore the sum of the biomass and primary sludge flows. The nominal volume of the 
anaerobic digester has been estimated considering the maximum monthly average of the total 
flow rate obtained during the year in each of the thirteen locations, and assuming a HRT of 20 



d. Consequently, the HRT in the remaining months results slightly higher, depending on the 
thickened biomass flow. The resulting anaerobic digester volume ranged from 320 m3 to 331 m3 
in the thirteen scenarios. Finally, the produced biogas is conveyed to a combined heat and 
power (CHP) unit for electrical energy and heat production.  

 

 
Figure 1. Treatment scheme of the hypothetical microalgae-based WWTP.  

Regarding the geographic locations, thirteen cities have been selected covering the whole range 
of latitudes and longitudes of the Spain mainland. It should be noted that the hypothetical 
WWTPs are not aimed at being proposed as the treatment systems for such cities. The locations 
have been selected in order to cover the different environmental temperatures in the different 
Spanish regions, depending on factors such as the altitude, proximity to the coast, etc. A map 
showing the prevailing temperature in the different regions of Spain is presented in Figure 2, 
together with the selected geographic locations. These thirteen cities and their main climate 
conditions are presented in Table 1 and arranged according to the latitude (from North to 
South). The climate conditions have been obtained from the recordings of the Spanish 
Meteorology Bureau during the period 1981-2010 (AEMET, 2018).  

 

 



 
Figure 2. Spanish regions according to the annual average temperature (oC) and selected 
geographic locations in this study (AEMET, 2018; Climaenmapas, 2018). 

Location T (oC) Tmax (oC) Tmin (oC) DR Latitude 

La Coruña 14.8 19.6 10.8 129.6 43º21'57"N 
Oviedo 13.3 19.1 8.3 122.3 43º21'12"N 
Pontevedra 14.8 20.6 9.6 131.3 42º26'18"N 
Burgos 10.7 19.5 3.1 83.5 42º21'25"N 
Zaragoza 15.5 25.3 6.6 51.1 41º39'38"N 
Valladolid 12.7 22.3 4.2 67.7 41º38'27"N 
Barcelona 16.1 24.4 9.2 53.3 41º17'34"N 
Salamanca 12.2 21.5 4.0 63.8 40º57'34"N 
Madrid 14.5 25.2 5.5 55.1 40º28'0"N 
Valencia 18.3 26.1 11.8 46.3 39º28'50"N 
Badajoz 17.1 26.1 8.6 59.2 38º53'0"N 
Seville 19.2 28.2 10.9 50.5 37º25'0"N 
Almeria 19.1 26.7 12.6 25.4 36º50'47"N 

Table 1. Name, latitude and main climate conditions of the thirteen geographic locations 
selected for this study (T: annual average temperature (oC), Tmax: maximum monthly average 
temperature (oC), Tmin: minimum monthly average temperature (oC), DR: days per year with 
precipitation higher than 1 mm). 

2.2. Simulation and optimization of plant operation and biomass production  

HRAPs operation and biomass production were simulated and optimized in the thirteen 
scenarios using the BIO_ALGAE model developed by Solimeno et al. (2017b). This model was 



conceived and implemented to understand the complexity of the internal functioning of 
microalgae-based WWTPs, and it allows to predict the removal efficiencies of organic matter 
and nutrients, as well as biomass production. BIO_ALGAE was mostly constructed coupling a 
microalgae model previously developed by Solimeno et al. (2015, 2016, 2017a) and the 
Activated Sludge Model ASM3 for bacteria-based wastewater treatment (Gujer et al., 1999). 
BIO_ALGAE was implemented in COMSOL Multiphysics® software, which solves the 
problem equations using the finite elements method (FEM). The model was calibrated and 
validated with experimental data from two pilot HRAPs with a water surface of 3.5 m2 in 
California (USA), which were fed with real municipal wastewater, as described in Solimeno et 
al. (2017b). In addition, prior to this study, further validation of the model was conducted using 
long-term experimental data from a pilot HRAP under climatic and operational conditions 
similar to those proposed in this study. The HRAP was located in Barcelona, with a water 
surface of 1.54 m2 and a volume of 0.47 m3, and it was operated at 4 and 8 days HRT treating 
municipal wastewater after primary treatment, as proposed in the treatment scheme of the 
present study. Validation was performed comparing measured data with simulation results in 
terms of pH, dissolved oxygen, bicarbonate, ammonium (NH4), nitrate, nitrite and total 
suspended solids (TSS) (Solimeno, 2017).  

Simulations were performed assuming constant influent wastewater characteristics of primary 
treatment effluent: pH = 7.68; alkalinity = 400 mgCaCO3 L-1; COD = 265 mgO2 L-1; NH4 = 49 
mgN L-1; and PO4 = 7.5 mgP L-1. These concentrations are the annual averages obtained 
experimentally in the pilot plant for long-term validation of the model (Solimeno, 2017). The 
initial concentrations of the mixed liquor were also those described in Solimeno (2017). 
Therefore, differences in biomass production in the thirteen scenarios are mostly due to 
operation (HRT) and climate conditions. Solar radiation at each scenario was calculated directly 
from a module available in BIO_ALGAE, which depends on Earth coordinates. Average 
monthly temperature data was obtained from local meteorological services. Water gains due to 
rain and losses due to evaporation were not considered, neither the decrease of solar radiation 
due to cloudiness, which effect is later discussed in Section 3.2. The monthly average biomass 
production in the thirteen locations was obtained from simulations. The biomass production 
includes microalgae and bacteria, but most of the biomass corresponds to microalgae (>80%). 
More details are given in the work by Solimeno et al. (2017b). 

In order to achieve the desired NH4 removal efficiency, the initial conditions of operation of the 
HRAPs are 8-4-8 days HRT, i.e. 8-days HRT from January to March, 4-days HRT from April to 
September, and 8-days HRT from October to December, according to the results of previous 
research carried out in Barcelona (García et al., 2000). As a general rule, we considered that 
operation is suitable when the concentration of NH4 in the effluent is lower than 10 mgN L-1, in 
order to fulfil the total nitrogen European standard (European Union, 2000, 1991). NH4 was 
selected as performance indicator because it is very sensitive to changes in the environmental 
conditions in HRAPs, while other nitrogen species are not as noteworthy as NH4 in these 
systems. Thus, the NH4 concentration in the effluent was checked in the thirteen locations and 
the HRT was consequently reduced from 8 days (4 HRAPs in operation) to 6 days (3 HRAPs in 
operation) in those cases where the climate conditions led to a better performance, specifically 
Valencia, Seville and Almeria. The operation strategy in the remaining ten locations (La 
Coruña, Oviedo, Pontevedra, Burgos, Zaragoza, Valladolid, Barcelona, Salamanca, Madrid and 
Badajoz) was eventually 8-4-8 days HRT. It should be considered that lower HRTs mean more 
optimized systems, meaning that less energy is required for operation as less HRAPs units are 
needed.  



2.3. Energy balance 

The energy balance was performed according to the methodology presented by Passos et al. 
(2017). In brief, energy inputs (consumption) and output (production) were estimated and net 
energy ratios of electricity and heat were obtained considering the features and assumptions 
described below. Details on parameters and values used for the energy assessment are 
summarized in Table 2. Formulas and calculations are also presented in the following sections. 
Compared to the original work by Passos et al. (2017), in this study the energy consumption of 
other process units (pretreatment, settling and thickening) has been included, the biomass flow 
rate has been obtained from the biomass production in the HRAPs (predicted by mathematical 
model simulations), and the primary sludge flow rate has been obtained according to the 
influent wastewater characteristics and the settling efficiency. As in the work by Passos et al. 
(2017), a CHP unit is assumed to generate both heat and electricity from biogas. The energy 
balance was conducted over a monthly basis in order to consider mean changes in 
environmental conditions (mostly solar radiation and temperature). A more detailed evaluation 
(e.g. daily) is out of the scope of this feasibility assessment, in order to keep a balance between 
complexity and results reliability. 

  



 

Parameter Unit Value Reference 
WWTP capacity PE 10,000 This study 
Wastewater generation L PE-1 d-1 150 This study 
Wastewater flow rate (Q) m3 d-1 1,500 This study 

Einput,electricity HRAP    

Number of HRAP - 2-3-4 Optimized by 
simulations 

Channel width (W) m 8 Calculated 
Channel length (L) m 469 Calculated 
HRAP unit surface area (A) m2 7,500 Calculated 

Water depth (d) m 0.4 (Sutherland et al., 
2014)  

Water velocity (υ) m s-1 0.15 (Lundquist et al., 
2010)  

Water flow rate in motion (Qw) m3 s-1 0.48 Calculated 

Manning friction factor (n) - 0.025 (Lundquist et al., 
2010)  

Specific weight of water at 20 ºC (γ) kN m-3 9.78 (Tchobanoglous et al., 
2003)  

Paddlewheel efficiency (ε) % 30 (Lundquist et al., 
2010)  

Einput,electricity other units    
Specific power consumption (SPCOU) kWh m-3 0.06 (Ferrer, 2012) 

Einput,electricity AD    
Digester hydraulic retention time (HRTd) day 20.0-26.2 Calculated 
Digester nominal volume (Vd) m3 320-331 Calculated 
Energy consumption for pumping (θ) kJ m-3 1,800 (Lu et al., 2008) 
Energy consumption rate for mixing (ω) kJ m-3 d-1 300 (Lu et al., 2008) 
Thickened microalgal biomass VSS concentration (VSSmb) kgVSS m-3 25 This study 
Thickened primary sludge VSS concentration (VSSps) kgVSS m-3 28.5 This study 
Microalgal biomass harvesting efficiency (φ) - 0.9 (Gutiérrez et al., 2016) 
Primary settling efficiency (η) - 0.5 This study 

Einput,heat AD    

Density of digester influent (ρ) kg m-3 1,000 (Tchobanoglous et al., 
2003) 

Specific heat of digester influent (γ) kJ kg-1 ºC-1 4.18 (Tchobanoglous et al., 
2003) 

Ambient temperature (Ta) ºC-1 3.1–28.2 This study 
Anaerobic digestion temperature (Td) ºC-1 35 This study 

Pretreatment temperature (Tp) ºC-1 75 (Passos and Ferrer, 
2014) 

Heat transfer coefficient (k) W m-2 ºC-1 1 (Tchobanoglous et al., 
2003) 

Heat recovery efficiency (ϕ) - 0.85 (Lu et al., 2008) 

Eoutput    

Lower heating value of methane (ξ) kWh m-3CH4 10 (Tchobanoglous et al., 
2003) 

Methane yield (Y) m3CH4 
kg-1VSS 0.25 (Solé et al., 2015) 

Electricity generation efficiency of the CHP unit (η1) - 0.35 Assumed 
Heat generation efficiency of the CHP unit (η2) - 0.55 Assumed 
Table 2. Parameters used for the energy assessment of the microalgae-based WWTPs.  

 



2.3.1. Energy input 

The energy inputs (consumption) included in this study were: (1) electricity for the HRAPs 
paddlewheels; (2) electricity for other process units (pretreatment, settling and thickening); and 
(3) electricity and heat for the anaerobic digester.  

The electricity input for the paddlewheels in a single HRAP was calculated from Eq. (1) 
(Lundquist et al., 2010). 

 Einput,electricity HRAP =  Qw∙ γ∙ (∆dchannels+∆dreversals)∙24
A∙ ε

               (1)  

where Einput,electricity HRAP is the input electricity for the HRAPs (kWh d-1), Qw is the mixed liquor 
flow rate in motion (m3 s-1), γ is the specific weight of water at 20 °C (kN m-3), ∆dreversals is the 
head loss in reversals (m), ∆dchannels is the head loss in channels (m), A is HRAPs surface area 
(m2) and ε is the paddlewheel efficiency. 

The flow rate of mixed liquor in motion (Qw) was determined according to the water velocity 
within the HRAPs (Eq. (2)).  

  Qw = υ · d · W                         (2)  

where υ is the water velocity (m s-1), d is the water depth (m) and W is the channel width (m). 

The head losses in channels and reversals were calculated according to Eq. (3) and (4), 
respectively (Lundquist et al., 2010).  

 ∆dchannels =  υ2∙L

�1.428
n �

2
 ∙� d ∙W
W+2∙d�

1.26               (3) 

where ∆dchannels is head loss in channels (m), L is the channel length (m) and n is the Manning 
friction factor. 

 ∆dreversals = 2 ∙ υ
2

2∙g
                (4) 

where ∆dreversals is the head loss in reversals (m) and g is the gravitational force (m s-2). 

Finally, the unit electricity input was multiplied by the number of HRAPs operating in each 
period (two from April to September, and three or four from October to March, depending on 
the location). 

The energy required for other process units (pretreatment, settling and thickening) was 
calculated according to Eq. (5). 

 Einput,electricity other units = Q ∙ 𝑆𝑆𝑆𝑆𝑆𝑆𝑂𝑂𝑂𝑂              (5)  

where Einput,electricity other units is the input electricity for other units (kWh d-1), Q is the influent 
wastewater flow rate (m3 d-1) and SPCOU is the specific power consumption of other units (kWh 
m-3), which was adopted from data of specific treatment units from Spanish WWTPs (Ferrer, 
2012). 

Regarding the anaerobic digestion, the energy required included: (1) electricity for pumping and 
mixing; and (2) heat for pretreatment of biomass and codigestion of biomass and primary 
sludge. The electricity input was calculated according to (Eq. (6)). 

 Einput,electricity AD = ��Qmb + Qps� ∙ θ + 𝑉𝑉𝑑𝑑  ∙ ω� ∙ 0.000278          (6) 



where Einput,electricity AD is the input electricity for anaerobic digestion (kWh d-1); Qmb is the 
thickened microalgal biomass flow rate (m3 d-1); Qps is the thickened primary sludge flow rate 
(m3 d-1); ϴ is the electricity consumption for pumping (kJ m-3) (Lu et al., 2008); Vd is the 
digester nominal volume (m3); ω is the electricity consumption for mixing (kJ m-3d-1) (Lu et al., 
2008); and 0.000278 is the conversion factor from kJ to kWh. 

The microalgal biomass flow rate Qmb and primary sludge flow rate were calculated according 
to Eq. (7) and Eq. (8), respectively. 

 Qmb = Bp ∙A∙ φ
VSSmb

                 (7) 

where Qmb is the thickened microalgal biomass flow rate (m3 d-1); Bp is the microalgal biomass 
production (gVSS m-2 d-1); φ is the biomass harvesting efficiency; and VSSmb is the thickened 
microalgal biomass volatile solids concentration (gVSS m-3). 

Qps =  Q∙VSSinf∙ɳ
VSSps∙1000

                  (8) 

where Qps is the thickened primary sludge flow rate (m3 d-1); VSSinf is the influent wastewater 
VSS concentration (mgVSS L-1); η is the primary settling efficiency; and VSSps is the thickened 
primary sludge VSS concentration (gVSS L-1).  

The heat input for the anaerobic digestion was calculated as the energy required for heating the 
influent microalgal biomass from ambient temperature (Ta) to the pretreatment temperature (Tp), 
and subtracting the energy recovered by cooling down the biomass from the pretreatment 
temperature (Tp) to the digestion temperature (Td). Besides, the heat requirement for rising up 
primary sludge temperature from Ta to Td was also accounted for Eq. (9). 

𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,ℎ𝑒𝑒𝑒𝑒𝑖𝑖 𝐴𝐴𝐴𝐴 = �ρ ∙ Qmb ∙  γ ∙  �Tp −  Ta � − ρ ∙ Qmb  ∙ γ ∙ �Tp −  Td � ∙ ϕ + ρ ∙ Qps  ∙ γ ∙
(Td −  Ta ) + k ∙ Ad ∙  (Td −  Ta) ∙  86.4�  ∙ 0.000278                 (9) 

where Einput,heat AD is the input heat for the anaerobic digestion with microalgal biomass 
pretreatment (kWh d-1); ρ is the digester influent density (kg m-3); γ is the digester influent 
specific heat (kJ kg-1 °C-1); Tp is the pretreatment temperature (°C); Ta is the air temperature 
(°C); Td is the anaerobic digestion temperature (°C); ϕ is the heat recovery efficiency; k is the 
heat transfer coefficient (W m-2 °C-1); Ad is the surface area of the digester wall (m2); and 
0.000278 is the conversion factor from kJ to kWh. 

2.3.2. Energy output 

Energy is produced from methane (CH4) derived from the biomass codigestion with primary 
sludge. Experimental studies on microalgae biomass codigestion have given CH4 yield values 
up to 0.46 m3CH4 kgVSS-1, but with great variation depending on the biomass/sludge ratio (Solé 
et al., 2015; Uggetti et al., 2017). For this reason, a conservative value of 0.25 m3CH4 kgVSS-1 
is assumed to evaluate CH4 production. 

The electricity output was calculated from the average methane yield (Eq. (10)). A lower 
calorific value of methane (ξ) of 10 kWh m-3CH4 (Tchobanoglous et al., 2003) and an electricity 
conversion efficiency of the CHP unit of 35% were considered (η1). 

Eoutput,electricity =  (Pb ∙ Y ∙  ξ ∙ 𝜂𝜂1 )            (10) 

where Eoutput,electricity is the output electricity from biogas (kWh d-1); Pb is the VSS production 
with which the digester is fed (kgVSS d-1) (microalgae biomass production plus primary sludge 



production); Y is the average methane yield (m3 CH4 kgVSS-1); ξ is the lower calorific value of 
methane (kWh m-3CH4); and η1 is the efficiency for electricity generation. 

Regarding the heat output, it was calculated according to Eq. (11). The heat conversion 
efficiency (η2) was assumed to be 55% in the CHP unit.  

 Eoutput,heat =  (Pb ∙  Y ∙ ξ ∙ η2 )             (11) 

where Eoutput,heat is the output heat from biogas (kWh d-1); and η2 is the efficiency for heat 
generation. 

2.3.3. Net energy ratio 

Finally, the net energy ratio (NER) of electricity (NER electricity) and heat (NER heat) were 
calculated as the energy output (production) divided by the energy input (consumption) 
according to (Eq. (12) and (13)). It should be noted that values higher than 1 indicate net energy 
production. 

𝑁𝑁𝐸𝐸𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖𝑒𝑒𝑖𝑖𝑒𝑒𝑖𝑖𝑖𝑖𝑒𝑒 = Eoutput,electricity

Einput,electricity HRAP + Einput,electricity other units+Einput,electricity AD
              

(12) 

 𝑁𝑁𝐸𝐸𝑁𝑁ℎ𝑒𝑒𝑒𝑒𝑖𝑖 = Eoutput,heat

Einput,heat AD  
          (13) 

The NER of the thirteen locations were evaluated on yearly, seasonal and monthly basis. 

2.4. Sensitivity analysis 

In the work by Passos et al. (2017) a sensitivity analysis was performed to evaluate how the 
uncertainty on input parameters may influence the results of the energy balance in 
microalgae-based WWTPs. The most sensitive parameters were the heat transfer coefficient (k) 
and the heat recovery efficiency (ϕ). Therefore, the sensitivity of both parameters has been 
considered and analyzed in the application to the new case scenarios.    

However, it should be noticed that both parameters have only effect on the heat balance, so 
additional parameters affecting the electrical energy balance have been included in the 
sensitivity analysis, specifically, the specific power consumption of other units (SPCOU) and the 
efficiency in primary settling (η). 

Regarding the SPCOU, since the HRAPs energy consumption is low, the energy consumption of 
other units could have a greater effect in the overall energy balance compared to conventional 
WWTPs (in relation with the secondary treatment). The sensitivity analysis of the SPCOU could 
elucidate if it is worth it to focus efforts on reducing the energy consumption of those other 
units. Regarding η, this upgrade of the methodology estimates the amount of sludge actually 
collected in the primary settling tanks, which will be codigested with the microalgae-bacteria 
biomass. For this reason, η will have an effect on the total amount of sludge to be digested, and 
consequently on the amount of produced biogas. 

The sensitivity analysis has been performed determining and comparing the NERelectricity and 
NERheat for three different values of the analyzed parameters. Parameter values have been 
increased and reduced 25% and compared to the results obtained with the initial value, except ɸ, 
which was increased and reduced only 18% in order to avoid an inconsistent use of efficiency 



higher than 100%. Additionally, the sensitivity function (absolute-relative) of the four 
parameters has also been analyzed, and it is presented as Supplementary Material. 

3. Results and discussion 

3.1. Performance of the microalgae-based wastewater treatment: ammonium 
removal and biomass production 

The effluent concentrations of NH4 (in fact, NH4
+ + NH3) obtained in the simulations of the 

microalgae-based WWTP in the thirteen geographical locations are shown in Figure 3. Very low 
and similar NH4 concentrations were achieved during the whole year in all the analyzed 
locations, except in January, when concentration peak appears in Salamanca and Valladolid, and 
December, when the highest peak in Seville is observed. These peaks are attributed to the lower 
temperature and solar radiation during these two months, and to the operation strategy: 
Salamanca and Valladolid are locations with two of the lowest monthly average minimum 
temperatures; whereas Seville is the location with the lowest monthly average minimum 
temperature, among the locations with only 6-days HRT in winter (Almeria, Valencia and 
Seville) (see Table 1). Nevertheless, these peaks are not found during the rest of the year, 
keeping low annual average ammonium concentrations in all the locations. It should be taken 
into account that the annual mean total nitrogen concentration is the parameter which shall 
conform the European standards. 

 
Figure 3. Daily average effluent ammonium concentration (mgN L-1) in the simulations of the 
thirteen locations, according to simulations with BIO_ALGAE model. 

Daily average TSS concentrations in the HRAPs in the thirteen locations are shown in Figure 4, 
while the average monthly specific biomass productions are depicted in Figure 5. Biomass 
concentrations around 300-350 mgTSS L-1 were obtained in all the locations, except some lower 
values observed in January and December, again in Salamanca, Valladolid and Seville, in 
accordance with the NH4 concentration results. Regarding the specific biomass production, 
simulated results ranged between 10.9 and 29.9 gTSS m-2 d-1. These results are in agreement 
with reported experimental results obtained in pilot-industrial HRAPs treating wastewater 
(10-35 gTSS m-2 d-1) (Hoffmann, 1998), and in pilot HRAPs under Spanish climatic conditions: 



6-33 gTSS m-2 d-1 in Barcelona (García et al., 2006). The highest specific biomass productions 
were obtained during the warm period, while significantly lower values were obtained during 
the cold period. This is mainly due to the number of HRAPs in operation. In spite of the specific 
biomass production variations, , the biomass concentration is quite stable during the whole year 
due to the variation of the HRT, resulting only in slightly lower values during the cold period 
than in the warm period. The similarity in the biomass production between the different 
locations is attributed to the fact that, even though the selected locations cover the whole range 
of latitudes in the Spain mainland, the latitudes of all of them are actually similar. 

 
Figure 4. Daily average biomass concentration (mgTSS L-1) in the simulations of the thirteen 
locations, according to simulations with BIO_ALGAE model during a year. 

 

 

 



 

 
Figure 5. Average monthly specific biomass production (gTSS m-2 d-1) derived from TSS concentration in the thirteen geographic locations, according to 
simulations with BIO_ALGAE model during a year period (8-4-8 days HRT in all locations, except Valencia, Seville and Almeria, 6-4-6 days HRT). 
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3.2. Annual overall energy and heat balance 

The annual average NERelectricity and NERheat values are presented in Figure 6 together with the 
corresponding standard deviations (SD). It should be noted that in this study the SD represents 
the variability within the year period, in a monthly basis. It can be observed that NERelectricity is 
clearly over 1 (in fact, higher than 2.3) in all the locations, suggesting that the energy balance is 
largely positive. The differences between NERelectricity in the different locations are almost 
negligible, which is attributed to the similar biomass production in all the locations, as described 
in Section 3.1. In addition, NERelectricity fluctuations during the year are not highly noticeable, 
according to the low SD observed in Figure 6, suggesting that the feasibility of the positive 
energy balance can be achieved during the whole year, in spite of the climate conditions 
variations. 

 
Figure 6. Results of the net energy ratio (NER) assessment for the microalgae-based WWTP in 
the thirteen locations (NERelectricity and NERheat, annual average ± SD). 

However, NERheat values are much closer to the neutral value (average values between 0.85 and 
1.32), with noticeable differences between the different locations. Annual average NERheat 
values lower than 1 have been obtained in six locations, and values only slightly higher than 1 
in another three locations, meaning that a positive heat balance is not feasible there. It should be 
noted that NER values slightly higher than 1 do not guarantee a positive balance, due to both the 
fluctuations within the year and the uncertainty of the assumptions and parameters used in the 
evaluation.  

NERheat fluctuation within the year is also different in the different locations, resulting quite low 
in La Coruña and Oviedo, with a SD of 0.14 and 0.16, respectively, while it is quite high in 
Seville and Badajoz, with SD of 0.51 and 0.40, respectively. These differences and variations 
are attributed to the environmental temperature, which is a parameter that strongly affects the 
heat balance, and it clearly varies in the different locations and throughout the year. The extent 
of this fluctuation can be attributed to the annual temperature range, i.e. the difference between 
the maximum and the minimum average monthly temperature, being as low as 8.8 oC and 10.8 
oC in La Coruña and Oviedo, respectively, and as high as 17.3 oC and 17.5 oC in Seville and 
Badajoz, respectively (AEMET, 2018). 



These results confirm that the climate conditions have a great effect in the energy balance of 
microalgae-based WWTPs, specially the solar radiation and environmental temperature. Under 
the assumptions of this study, these conditions resulted crucial for the heat balance. The best 
results were obtained in Valencia, Badajoz, Seville and Almeria (maximum NERheat 1.32, 
Seville), while in the rest of locations the heat produced was not enough to cover the heat 
requirements. In addition, the four locations aforementioned present lower cloudiness (46, 59, 
50 and 25 average rainy days per year in Valencia, Badajoz, Seville and Almeria, respectively) 
compared to other locations (see Table 1), so that the reduction of solar radiation due to 
cloudiness would have a minor effect. 

3.3. Sensitivity analysis 

A sensitivity analysis was performed to assess the influence of the parameters: heat transfer 
coefficient (k), heat recovery efficiency (ɸ), specific power consumption of other units (SPCOU), 
and primary settling efficiency (η), in the resulting NER values. The annual average NERelectricity 
and NERheat have been obtained with three different values of the analyzed parameters. Results 
are depicted in pairs of graphs, one for NERelectricity and another for NERheat, as shown in Figures 
7-10, for the parameters k, ɸ, SPCOU, and η, respectively. 

NERelectricity is not influenced by k and ɸ, as can be observed in figures 7(a) and 8(a), due to the 
fact that these parameters do not take part in the electrical energy balance. The effect of a 
variation of the SPCOU of 25% on NERelectricity is moderate, as shown in Figure 9(a), but the 
resulting NERelectricity values are between 2.0 and 3.0 in all the simulated scenarios. The effect is 
practically the same in all the geographic locations. The effect of a variation of η of 25% on 
NERelectricity is even smaller than that for SPCOU (Figure 10(a)), and the resulting NERelectricity are 
between 2.3 and 2.6 in all the simulated scenarios. Again, the effect is practically the same in all 
the geographic locations. It indicates that the high values of NERelectricity are not sensitive to 
variations of the analyzed parameters, reducing the uncertainty about the successful results of 
the energy balance.  

Regarding NERheat, it is slightly affected by a variation of k of 25% compared to the initial 
value, as observable in Figure 7(b), and this small variation is similar in all the geographic 
locations. However, a ɸ variation of 18% has a moderate effect in the average NERheat (Figure 
8(b)), and the degree of variation of NERheat is higher in those geographic locations with the 
highest NERheat. On the one hand, if 100% of the heat required in the pretreatment could be 
recovered for the subsequent codigestion, the resulting NERheat would be higher than 1 in all the 
geographic locations, except Burgos. On the other hand, when ɸ is reduced to 70%, NERheat is 
only slightly higher than 1 in the most favorable locations (Valencia, Badajoz, Seville and 
Almeria). Regarding the SPCOU, it has no effect on NERheat (Figure 9(b)), as expected since 
SPCOU has no influence on the thermal balance, while η has very little effect on it, almost 
negligible, as observable in Figure 6(b). 

These results have been confirmed with the absolute-relative sensitivity functions (see 
Supplementary Material). 

 

  



 
Figure 7. Results of the sensitivity analysis of the heat transfer coefficient (k, W m-2 oC-1) on the 
(a) NERelectricity and (b) NERheat (annual average ± SD). 

 
Figure 8. Results of the sensitivity analysis of the heat recovery efficiency (ɸ, %) on the (a) 
NERelectricity and (b) NERheat (annual average ± SD). 

 
Figure 9. Results of the sensitivity analysis of the specific power consumption of other units 
(SPCOU, kWh m-3) on the (a) NERelectricity and (b) NERheat (annual average ± SD). 

 

 



 
Figure 10. Results of the sensitivity analysis of the primary settling efficiency (η, %) on the (a) 
NERelectricity and (b) NERheat (annual average ± SD) 

3.4. Monthly energy and heat balance 

Almeria and Seville, the two most favorable locations have been analyzed more in detail 
regarding the monthly variation and the main elements of the NERelectricity and NERheat. The 
evolution of the NERelectricity and NERheat monthly average values in both locations is shown in 
Figure 11. 

 
Figure 11. Average monthly net energy ratio (NER) for (a) electricity and (b) heat in Almeria 
and Seville 

The monthly variation of NERelectricity is quite smooth and similar in both locations. NERelectricity 
values higher than 2 are obtained during the whole year, except in December. However, the 
variation of NERheat is more pronounced, with values lower than 1 in November-March and 
peaks close to 2 in July and August in Almeria, and higher than 2 in Seville.  

These results confirm the feasibility of the positive electrical energy balance during the whole 
year, making it possible that the microalgae-based WWTP becomes an energy producer instead 
of an energy consumer. However, the heat balance is negative in some periods of the year. This 
implies the temporary need for an external supplementary heat source, which would only 
operate when needed. In a different approach, aimed at achieving energy self-sufficiency in the 
WWTP, it could be considered the possibility of not providing extra heating. Since even the 
lower values of NERheat are close to 1, the digester temperature would not decrease excessively 
from 35 oC. Further research is needed to assess the methane yield and the overall energy 
balance under those conditions. 

A more detailed description of the main factors influencing the NERelectricity and NERheat is 
summarized in Table 3. The energy inputs derived from the different elements of the treatment 
plant are presented together with the energy output obtained from the biogas in a quarterly 
basis. 



 

  Parameter Unit Jan-Mar Apr-Jun Jul-Sep Oct-Dec 

Almeria Einput, electricity HRAP kWh d-1 26.6 17.8 17.8 26.6 

 Einput, electricity AD kWh d-1 35.3 35.6 35.7 34.8 

 Einput, electricity other units kWh d-1 90.0 90.0 90.0 90.0 

 Eoutput, electricity kWh d-1 351.9 367.4 370.5 332.0 

 NERelectricity  2.3 2.6 2.6 2.2 

 Einput, heat AD kWh d-1 614.2 468.1 323.3 504.2 

 Eoutput, heat kWh d-1 553.0 577.4 582.1 521.7 

 NERheat  0.9 1.3 1.8 1.0 

Seville Einput, electricity HRAP kWh d-1 26.6 17.8 17.8 26.6 

 Einput, electricity AD kWh d-1 35.2 35.7 35.7 34.7 

 Einput, electricity other units kWh d-1 90.0 90.0 90.0 90.0 

 Eoutput, electricity kWh d-1 348.0 370.4 369.9 327.7 

 NERelectricity  2.3 2.6 2.6 2.2 

 Einput, heat AD kWh d-1 624.5 445.4 286.4 524.8 

 Eoutput, heat kWh d-1 546.9 582.1 581.3 515.0 

  NERheat   0.9 1.4 2.1 1.0 
Table 3. Average seasonal energy assessment of the microalgae-based WWTP in Almeria and 
Seville. 

It can be observed that the seasonal variation of NERelectricity is caused by two main elements: (i) 
the reduction on HRAPs energy consumption during April to September, when only two 
HRAPs are in operation; and (ii) the increase in the energy production from biogas in the same 
period, due to slightly higher biomass availability; being the latter the most noticeable. The 
electrical energy input ranged from 143 to 152 kWh d-1, and the total energy input (including 
the energy for heating the anaerobic digester) ranged from 430 to 776 kWh d-1. These are low 
energy consumptions compared to that of a conventional activated sludge processes. The 
estimated energy consumption of a conventional medium-sized WWTP treating the wastewater 
of the same hypothetical population, based on extended aeration activated sludge, without 
primary sedimentation and without anaerobic digestion of the sludge, is 1,095 kWh d-1. This 
value has been estimated considering a specific energy consumption of 0.73 kWh m-3 (Ferrer, 
2012).  

Regarding NERheat, an increase in heat production during the warm seasons is also observed in 
both locations, due to the slightly higher biomass availability. However, the most relevant 
element causing the seasonal variation of NERheat is the drastic decrease in the energy required 
for digestion heating in the warm season compared to the cold. This reduction is due to the 
higher environmental temperature during the warm season, which is a key point in the heat 
balance of the proposed WWTP scheme. The variation of the energy requirements for digestion 
heating is even more pronounced in Seville than in Almeria, which is attributed to the more 
extreme temperatures. Almeria is a costal location with an annual temperature range of 14.1 oC, 
whereas Seville is an inland location where such range rises to 17.3 oC (AEMET, 2018), 
reaching higher maximum and lower minimum temperatures (see Table 1). 

  



CONCLUSIONS 

Microalgae-based wastewater treatment coupled with anaerobic codigestion of biomass and 
primary sludge is a process treating and recovering energy and resources from wastewater, 
using solar energy simultaneously and leading to an overall energy producing process instead of 
an energy consuming one. The electrical energy balance was not only neutral but positive in all 
the analyzed locations, covering the different Spanish latitudes, longitudes and environmental 
temperatures. Under the assumptions of the present study, the electrical energy balance was 
similar in all the locations, and fluctuations during the year were not highly noticeable, meaning 
that the feasibility of the positive energy balance can be achieved during the whole year, in spite 
of the climatic conditions variations. In addition, the energy balance is not sensitive to 
variations of the main parameters, reducing the uncertainty about the results.  

However, the heat balance resulted closer to the neutral footprint, with noticeable differences 
between the different locations and fluctuations during the year. A positive heat balance is not 
feasible in all the locations, being the solar radiation and the environmental temperature 
determining factors to achieve this aim.  

Analyzing more in detail the most favorable locations (Almeria and Seville), it was confirmed 
the feasibility of a positive electrical energy balance, while the heat balance resulted negative, 
but not far to the neutrality, in the cold season. The energy input required for digestion heating 
is the most significant element affecting the heat balance, and its variation in the different 
seasons is pronounced, especially in locations with a high annual temperature range. The 
environmental temperature and its variation during the year is a key variable in the heat balance 
of the proposed WWTP scheme. 
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