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Abstract: With the increasing global population together with high rates of urbanization, a 

shortage of our main energy resources should be expected, as well as an increase in air pollution 

associated with the use of fossil fuels. Parallel to this is also growing the need to treat more urban 

waste, which involves considerable energy costs. 

Consequently, this study focused on nine wastewater treatment plants belonging to Águas de 

Portugal group and its objective was to optimize the electricity production from the biogas 

produced as a result of wastewater treatment. For this, the facilities were evaluated and 

diagnosed based on on-site visits. Next, the thermal needs of each facility were calculated as well 

as the potential for improvement of each installation in terms of its electrical production. The 

scenario of changing cogenerators was evaluated to improve the efficiency of the production 

system. 

The evaluation of replacing nine cogenerators (through an investment of 1,65 million euros) points 

to an annual saving in electricity consumption of around 1,24 million euros as well as a reduction 

in CO2 emissions on the order of 3 700 tons per year. These results were evaluated for their 

sensitivity regarding any variations of some assumptions taken by this study. 

The biogas energy potential resulting from wastewater treatment is considerable, as evidenced 

by the results, but there is still much to improve in such a system, namely understanding and 

optimizing the biological process of anaerobic digestion and the use of more modern equipment 

(and, therefore, more efficient). 
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1. INTRODUCTION 

1.1. CONTEXT AND MOTIVATION 

The increasing consumption of primary 

energy around the globe is generating a 

great deal of concern around the sources of 

society’s energy, namely those with fossil 

origins. We are still heavily dependent on 

fossil fuels, but their consumption releases 

GHG (Green House Gases) which 

contribute to further aggravate climactic 

changes, namely global warming [1].  

In Portugal, there has been an effort to both 

reduce coal-based power plants in favor of 

natural gas and invest in renewable 

energies; This lead to a lower dependence 

on the external energy market (Erro! A 



origem da referência não foi encontrada.) 

and reduced the oil share in the primary 

energy consumption of the country (Erro! A 

origem da referência não foi 

encontrada.). 

 

Figure 1 – Evolution of Portugal’s energetic 

dependence from 1996 to 2016 [2] 

 

 

Figure 2– Distribution of Portugal’s primary 

energy consumption in 2007 and 2016 [2] 

 

Still, energy imports remain quite high, as 

Portugal lacks fossil fuel resources in its 

territory. As such, it’s important to continue 

pushing towards more sustainable energy 

sources and better energetic efficiencies to 

lower Portugal’s dependence on the external 

energy market and reduce the ecological 

footprint of the country. 

Industry in Portugal is responsible for 31% of 

the consumption of primary energy in year? 

[2]. Inserted in this share is the energy 

consumption of municipal wastewater 

treatment, an essential process from an 

ecological point-of-view, but very costly in 

energy. 

With the increase in global population along 

with the expansion of our cities it’s inevitable 

that this energy cost will go up. Currently, it’s 

equivalent to 7% of the electricity 

consumption worldwide [3]. 

The supply of water and consequent 

treatment of wastewater in Portugal is 

maintained by Águas de Portugal enterprise 

group (AdP). With an energy consumption of 

700 GWh per year, it represents 1,4% of the 

nation’s consumption, being among the top 

5 consumers in the country [4]. 

In an effort to lower their operation costs, 

AdP launched PEPE campaign (Plano de 

Eficiência e Produção de Energia – Energy 

Efficiency and Production Plan) hoping to 

increase the group’s current annual electric 

production from 24,4 GWh to 50 GWh 

through an 18-million-euro investment in 

renewable energies [5]. 

Even though the production is expected to 

double, it will still remain far from their 

energy consumption, making it impossible to 

operate in a fully energetic sustainable way. 

However, when reviewing literature, one 

finds several cases where that was 

achieved. Take for example the case of the 

WWTP in Guia, Cascais (Portugal) where in 

2017 they were able to produce all the 

energy they consumed, saving around 1 

million euros in their electricity bill and 

having avoided the release of about six 

thousand tons of CO2 into the atmosphere. 

According to the plant’s staff, this was 

achieved through energy saving measures 

and the optimization of the cogeneration 

process employed there to produce energy 

from biogas [6].  

With that being said, it’s evident that if we 

want to reduce the energy cost of the 

wastewater treatment, and even achieve a 

fully energetically sustainable process, we 



must promote energy efficiency whenever 

possible and continue to invest in renewable 

sources of energy [7]. 

1.2. OBJECTIVES 

The main objective of this work was to 

evaluate the operating conditions of the 

biogas energy production process taking 

place in wastewater treatment plants of the 

group AdP, with the intent to improve the 

energetic sustainability of the wastewater 

treatment process. For that, and using data 

taken by the site staff in 2017, the following 

step were defined: 

• Qualitative and quantitative analysis 

of the working conditions found in 

the selected infrastructures and its 

components through on-site visits; 

• Processing and analysis of 

production data on biogas and 

electricity; 

• Suggest measures in order to 

increase the electricity production 

from the biogas produced in the 

WTTP. 

2. LITERATURE REVIEW  

2.1. BIOGAS PRODUCTION 

The supply of potable water and its 

subsequent collection and treatment are a 

vital part of today’s society. Untreated water, 

if released into the environment, could 

contaminate water courses endangering 

ecosystems and/or affect public health. 

The treatment process is comprised of 

several phases and from those results a 

slurry high in organic matter (OM) that is 

then pumped into anaerobic digesters (tanks 

with no oxygen) where microorganisms 

digest the OM present. Biogas is one of the 

products of that digestion. 

Being an organic process, anaerobic 

digestion performance is dependent on 

many factors such as type and concentration 

of OM, moisture content, pH and several 

more. From those, temperature is one of the 

most relevant: too low and it can lower the 

metabolism of the organisms decreasing 

production; too high and it could reduce 

available OM and/or increase ammonia 

concentration high enough to decrease the 

activity of the microorganisms. It’s also 

critical to maintain a steady temperature in 

the anaerobic digester, as fluctuations as 

low as 1ºC/day could hinder the process [8]. 

Depending of the range of temperature the 

digester operates, the process can be 

separated in three types: 

• Psychrophile (Temperature < 25°C) 

• Mesophile (25°C < Temperature < 

45°C) 

• Thermophile (45°C < Temperature < 

70°C) 

Mesophile systems are, by a big margin, the 

most commonly found type of system used 

for slurry digestion, given they’re easier to 

maintain compared to a thermophile system 

(which has higher heat requirements) and 

are more productive compared to a 

psychrophile. The ideal temperature for this 

type of system (mesophile) is around 35°C 

[8]. 

The composition of the biogas produced by 

such a system may differ depending on 

digestion conditions and slurry composition, 

but, as a rule of thumb and for a WWTP, it is 



mainly composed by (among other 

compounds) methane (CH4, 60% to 75%) 

and carbon dioxide (CO2, 19 to 33%) [9], 

both of which are GHG (in this regard, CH4 

is about 30 times more harmful than CO2, 

[10]).  

Despite this remark, biogas energy 

extraction is still considered to be a clean 

and sustainable energy source, as CH4 gets 

neutralized when combusted, as shown by 

equation (1) [11], and the CO2 that is 

released came mostly from plant and animal 

biomass. This biomass will keep on growing, 

capturing CO2, and ending up in the 

effluents, sustaining this carbon source. 

CH4 + 2 O2  ⟶  CO2 + 2 H2O (1) 

2.2. BIOGAS ENERGY EXTRACTION 

Biogas has energy stored in itself (by the 

form of chemical bonds between atoms) and 

can thus be exploited for energy production. 

This is generally done with a cogeneration 

setup, where the gas is burned in a 

reciprocal engine coupled to a generator for 

electricity production, and the combustion 

heat used to heat the anaerobic digester to 

the ideal temperature. It is therefore possible 

to attain efficiencies of around 90% 

(combined electricity and heat production) 

when compared to a system that discards 

the heat released in combustion. 

Although there are alternatives to the 

reciprocal engine (steam turbines, gas 

turbines, microturbines or fuel cells), this 

tends to be the chosen option due to being 

less demanding in fuel quality and being able 

to achieve an high electric efficiency (around 

40%) when contrasted to a gas or steam 

turbine, respectively.  

When choosing the type of engine, Diesel is 

usually preferred over Otto as it has a higher 

electric efficiency (Figure 3). 

 

Figure 3 - Electric efficiency of Combustion 

Ignition (CI, Diesel Cycle) vs. Spark Ignition (SI, 

Otto Cycle) Engines [12] 

 

2.3. ENERGY EFFICIENCY IN 

WASTEWATER TREATMENT 

Several studies have been made on how to 

improve a biogas cogeneration plant 

efficiency, showing good results all around ( 

[13], [14], [15]). Most of the corrective 

measures taken by these studies are related 

either to replacing equipment with more 

appropriate/modern counterparts, better 

energy management or using several 

renewable energies to complement the 

production of the biogas plant. 

3. METHODOLOGY 

3.1. CASE STUDY: ÁGUAS DE 

PORTUGAL 

This work is part of a program for university 

students (GALP21) funded by GALP S.A. 

and is based on an internship at AdP 

Headquarters, in Lisbon.  

For this study, nine WWTPs (All operate 

under low energetic sustainability, never 



exceeding the 50% mark (energetic 

sustainability =
Electricity Produced

Electricity Consumed
) 

Table 1) were selected based on their 

geographical location, out of the twenty-four 

equipped with biogas cogeneration systems 

that AdP currently operates. The ones closer 

to Lisbon were chosen for ease of visiting the 

site. 

The selected WWTPs consumed 32,1 GWh 

of electricity in 2017, while their production 

remained at 5,8 GWh. 

All operate under low energetic 

sustainability, never exceeding the 50% 

mark (energetic sustainability =

Electricity Produced

Electricity Consumed
) 

Table 1 - Electric production, electric 

consumption, energetic sustainability and biogas 

produced in all selected WWTPs (2017) 
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Beirolas 874 4 143 21% 1 109 102 

Chelas 582 5 594 10% 664 764 

Frielas 2 781 9 852 28% 2 094 957 

S.J.Talha 72 3 701 2% 983 463 

V.F.Xira 461 1 044 44% 225 818 

Barreiro 688 3 704 19% 465 372 

Q.Conde 201 1 473 14% 123 992 

Sesimbra 109 1 948 6% 54 340 

Seixal 70 672 10% 208 308 

 

                                                             
1 Biogas produced is presented in cubic meters 
at standard conditions for temperature and 
pressure (STP conditions) 

Each WWTP was characterized based on: 

• An incidence matrix, dividing the 

process in its various parts and 

evaluating them qualitatively; 

• An energy balance, performed on 

the plant’s anaerobic digester(s); 

• An economic study, evaluating the 

potential of each WWTP based on 

its biogas and electricity production 

data. 

 

4. RESULTS AND DISCUSSION 

After visiting the plants and filling in the 

matrix one could observe the areas most 

affected in performance. From those stood 

out the performance of the digester, which 

was generally operating on suboptimal 

temperatures (Table 2), and the condition of 

the engines, which was either not properly 

dimensioned for the plant it was in or was 

poorly maintained over the years, impacting 

its performance. 

Table 2 - Average annual temperature (2017) 

WWTP 
Temperature 

(ºC) 

Standard 

Deviation (ºC) 

Beirolas 28,9 2,4 

Chelas 28,4 4,2 

Frielas 38,8 3,8 

S.J.Talha 32,1 2,2 

V.F.Xira 32,3 1,2 

Barreiro 29,1 4,6 

Q.Conde 27,8 4,1 

Sesimbra 32,2 2,8 

Seixal 22,2 3,9 

 



From the energy balance results was 

possible to get an approximation of the heat 

requirements of the anaerobic digester 

throughout the year. This was then 

compared to the heat that would be available 

if all the biogas produced in 2017 had been 

used, in order to determine how much heat 

could have been delivered (Heat Delivered = 

Heat Available

Heat Required
) 

Table 3 - Energy balance results 

WWTP Heat Delivered 

Beirolas 102% 

Chelas 80% 

Frielas 104% 

S.J.Talha 136% 

V.F.Xira 96% 

Barreiro 51% 

Q.Conde 28% 

Sesimbra 54% 

Seixal 83% 

 

From this was possible to conclude that in 

some cases (3) there was enough heat to 

fulfill the digester needs, while in others (3) 

the heating requirements were close to 

being fulfilled, with only three WWTPs being 

under the 80% mark. Furthermore, more 

biogas would have been produced if all this 

heat had been used in 2017, as the 

digester’s temperature would have been 

closer to the desired value. 

Finally, after performing the economic 

analysis, it was possible to obtain an 

estimate of the potential each WWTP offered 

(Table 4), indicating savings of up to about 

1,3 million euro, had the biogas produced in 

2017 been all burned to generate electricity. 

Table 4 - Economic Potential 

WWTP Economic Potential (€) 

Beirolas 312 818 

Chelas 151 942 

Frielas 358 908 

S.J.Talha 349 595 

V.F.Xira 19 238 

Barreiro 79 651 

Q.Conde 18 182 

Sesimbra 3 806 

Seixal 61 420 

Total 1 355 559 

 

Under these conclusions, and together with 

the company’s engineering team, was 

decided that the engines were to be replaced 

by newer and more efficient ones, able to 

operate longer and in a more reliable 

manner, supplying enough heat to the 

digester as to optimize anaerobic digestion. 

This study assumed the engines would 

operate 24h/day; Their acquiring cost was 

modelled based on the following correlation 

(equation (2), [12]): 

𝐶𝑜𝑠𝑡 (€\𝑘𝑊) = 4639 ∗ 𝑃𝑜𝑤𝑒𝑟(𝑘𝑊)−0.333 (2) 

 

The first approach on projecting the engine’s 

power was to try to minimize the 

investment’s payback period (Table 5). This 

turned out to be a poor approach, as biogas 

production was not constant during the year, 

leading to having under dimensioned 

engines for some months of the year and 

leftover biogas that could have improved the 

sustainability of the process. 



Table 5 - Minimizing payback 

WWTP 
Power 
(kW) 

Investment 
(€) 

Payback 
Period 
(years) 

Beirolas 384 245 569 0,65 

Chelas 144 127 659 0,80 

Frielas 478 284 186 0,53 

S.J.Talha 205 161 571 0,78 

V.F.Xira 61 71 985 1,09 

BarreiroM 123 114 919 0,83 

Q. Conde 38 52 364 1,40 

Sesimbra 15,6 29 003 1,70 

Seixal 55 67 181 1,23 

 

On a new approach, it was decided to define 

a percentage of the total available biogas 

that needed to be used (based on 2017 

data). This was set at 95%, so as to utilize 

as much biogas as possible whilst avoiding 

over-dimensioning the engine due to any 

abnormal production data. The results can 

be seen in Table 6. Later, a sensitivity 

analysis was conducted to understand how 

the results would vary if this percentage had 

been set different. 

Table 6 - Using 95% of the available biogas 

WWTP 
Power 

(kW) 

Investment 

(€) 

Payback 

Period 

(years) 

Beirolas 456 275 394 0,68 

Chelas 258 188 354 0,87 

Frielas 973 456 558 0,66 

S.J.Talha 525 302 532 0,90 

V.F.Xira 94 96 051 1,24 

BarreiroM 165 139 793 0,86 

Q. Conde 52 64 714 1,51 

Sesimbra 16 29 003 1,70 

Seixal 91 93 995 1,41 

 

With this approach nearly all the biogas can 

be used, improving the process’s 

sustainability (Table 7), while the payback 

period of the investment remains attractive 

to the company. 

Table 7 - WWTP Sustainability 

WWTP 
Initial 

Sustainability 
Final 

Sustainability 

Beirolas 21% 72% 

Chelas 10% 29% 

Frielas 28% 52% 

SJTalha 2% 67% 

VFXira 44% 55% 

BarreiroM 19% 32% 

QConde 14% 21% 

Sesimbra 6% 6% 

Seixal 10% 73% 

 

If the project goes as planned, AdP is looking 

at savings of about 1,2 million euro each 

year after the investment has been 

recovered, which, according the results of 

this study, won’t be long. Additionally, it 

would be possible to avoid the release of 

about 3600 tons of CO2 into the atmosphere. 

Table 8 - Study Results 
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Beirolas 290 049 340% 859 

Chelas 140 180 274% 415 

Frielas 319 656 183% 946 

S.J.Talha 331 010 3394% 980 

V.F.Xira 15 029 124% 44 

BarreiroM 70 183 174% 208 

Q.Conde 15 707 157% 47 

Sesimbra 2 025 113% 6 

Seixal 57 835 698% 171 

Total 1 241 674  3 676 

 

4.1. SENSITIVITY ANALYSIS 

The results were evaluated regarding their 

sensitivity to some assumptions taken by 

this study. The assumptions chosen were: 

• Specific Biogas Production 

• Electricity Price 

• Amount of used biogas (0-100%) 



These assumptions were varied in 

percentage, both in increments and 

decrements, and plotted against some 

performance indicators. The ones selected 

were: 

• Investment Needed 

• Production Increase 

• Additional Capital Produced  

• Payback Period 

As it was to be expected, these indicators 

have a linear relationship with changes to 

both the specific biogas production and the 

electricity price.  

As for the amount of biogas used, it seems 

like 95% was a reasonable choice, as the 

payback periods tends to shoot for higher 

percentages (Figure 4). For WWTPs that 

produce a large volume of biogas it might be 

better to choose a higher percentage, as the 

price of acquiring an engine tends to drop as 

its power increases. 
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Figure 4 - Sensitivity analysis results regarding 

changes to the amount of biogas used (Beirolas 

WWTP) 

5. CONCLUSIONS AND FUTURE WORK 

The results show there’s potential to be 

explored in the biogas produced in the nine 

selected WWTP.  

Through a 1,6-million-euro investment it 

should be possible to have a 9 GWh 

increase in electricity production (from 5,8 

GWh to 14,8 GWh; 254% increase) and 

avoid the release of 3600 tons of CO2 into 

the atmosphere each year the plants 

continue to operate. 

Finally, some suggestions for future work 

can include: improvements to the production 

control system, as the equipment installed is 

not operating correctly; creating or 

outsourcing a dedicated team that could 

maintain the process and all its components 

running properly; optimizing the anaerobic 

digestion through a series of tests that 

change the parameters that govern the 

biological process to understand what works 

best; testing thermophilic regime for the 

anaerobic digestion; improving the slurry’s 

agitation inside the digester; replacing the 

plant’s aerators with more efficient models; 

and grouping geographically close WWTP to 

improve the process’s efficiency. 
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