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A B S T R A C T

The future electricity generation model will require the integration of intermittent renewable sources. For that,
the development of new efficient and sustainable energy storage technologies is mandatory. One of the most
promising technologies is the utilization of compressed air energy storage (CAES). However, this technology has
a limitation related with the management of the heat generated in the compression stage. In this study it is
proposed the integration of a CAES system together with an anaerobic digester, which will use the generated
heat, supporting the production and storage of biogas as chemical storage of energy. The latter will be used in
the air expansion stage to maximize the efficiency of the overall process. In this way, a new energy storage
technology by hybridization of BIOgas and CAES is achieved: BIO-CAES technology.

1. Introduction

In the fight against climate change, the power generation model is
addressing a profound transformation in the use of non-fossil primary
energy sources [34]. The European Union continues to promote a
generation model based on the minimization of emissions of pollutants
and especially of CO2 [8,17,36] and, where renewable energy is pro-
moted [21,20]. The promotion of renewable energy sources such as
solar or wind will undoubtedly contribute to the reduction of emissions
from the generation of electricity. On the contrary, its low load factor
derived from its intermittency [53], forces an expensive backup system
to ensure security of supply [22].

In order to make efficient use of renewable energy (solar and wind),
energy storage technologies [48] are considered to guarantee the
supply of electricity based on these sources and that allows to manage
significant amounts of energy [2]. Among the technologies considered,
and in spite of the strong boom in chemical storage, mechanical energy
storage [28] continues to occupy the first alternative, where Pumped
Hydroelectric Storage (PHS) stands out [33,39]. On the same hand,
Compressed Air Energy Storage (CAES) emerges as a reliable tech-
nology for large amount of energy storage systems [44,10]. Although
this technology has two industrial experiences [13,14,46], its im-
plementation has been limited by the exploratory risk of the subsurface

and lower energy efficiency compared to Pumped Hydroelectric Storage
[32,11,39]. However, CAES investment cost is lower than PHS [47]
with similar energy storage capacity [41]. Several According to these
authors, several geological formations would be suitable to store energy
by means of compressed air.

In order to increase the efficiency of the system, recently different
compression-expansion cycles, based on adiabatic principles where the
thermal energy generated in the compression process is stored and ar-
ranged in the compressed air expansion process, have been considered
[52]. This process increases the efficiency of the system reducing the
consumption of fossil fuels and, therefore, CO2 emissions [70]. To re-
duce the handicaps of conventional CAES, different approaches have
been considered such as reducing the target depth of the storage cav-
ities [43] or the hybridization of energy storage technologies, such as
the integration of CAES and hydrogen [63], and others [3,19,58,4].

In the present work, it is considered a form of technology integra-
tion, based on the hybridization of shallow systems of compressed air
storage in the subsurface (mini-CAES; [43] and the production of biogas
[31,51], as a system for harnessing thermal energy [30,71] and for its
ability to store energy chemically in the form of biogas: Anaerobic di-
gestion is a process that allows the generation of energy: 100–150 kWh
per ton of organic matter [9]. However, this value could be enhanced
using and external source of thermal energy, since in conventional
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anaerobic installations a fraction of produced biogas is consumed in
heating the digester [5].

Anaerobic digestion is based on the degradation of the organic
matter through microorganisms at different temperatures, two main
scenarios being considered such as mesophilic (35 °C) and thermophilic
(55 °C) [45]. The energy required to maintain the temperature during
the anaerobic digestion is proposed to be supplied from the CAES
compression stage, thus allowing a direct use of the heat generated at
low temperature, enhancing the production of biogas and efficiency of
the overall process. Although CAES systems will provide an intermittent
heat supply, concentrated in hours of compression, digester thermo-
statation is possible by means of a medium temperature buffer tank.
With a methane composition of between 50 and 70% by volume
[64,29], this fuel may be stored [68] for use its during the expansion
process of stored compressed air (Fig. 1).

In the expansion phase, the biogas obtained is used as fuel for
generator sets in a Combined Heat and Power application (CHP)
[65,38], where the electrical energy generated is injected into the
electric network at the highest demand periods. At the same time, the
thermal energy released is added to the compressed air to increase its
enthalpy, so it increases the power of the expansion process [16], up-
grading the overall energy efficiency of the cycle.

This study evaluates the conditions for hybridization of an anae-
robic digester as a strategy to manage the heat generated in the com-
pression process. The research work is completed with the evaluation of
electric power generation in the process of expanding compressed air
and, combustion of biogas (heat and electricity generation). The storage
system based on BIO-CAES technology will be 100% renewable, with
high efficiency of the whole system.

2. Material and methods

2.1. Train of compression and underground cavity conditions

The process developed is based on the technology of CAES, as a
technology already implemented in an industrial plant [41]. However,
the main handicap of this technology is related with its low efficiency
and, in particular, on the management of thermal energy. The de-
termination of the train of compression, and the compression range, is

performed on the formulation described in Llamas et al. [43], where the
depth of the cavity (p) is related to the maximum pressure, by Eq. (1).

=P p0.18Â·max (1)

Eq. (1). Maximum Operation Pressure in a Storage Cavity Under-
ground

The calculations performed in the present study, considers a cavity
of 20,000 m3 and 100 m deep (roof of the cavity). This case study would
be suitable for the integration of both technologies under consideration
and, it would fit the requirements needed for a wind farm (with a ca-
pacity of up to 20 MW). So the maximum operation pressure would be
18 bar, whereas the minimum pressure would be 9 bar.

According to previous characterization of sites in the basin Basque-
Cantabrian [42] outcrop saline domes may be considered as a strategy
to modulate the depth of storage (Fig. 2).

2.2. Generation of biogas: anaerobic digestion

The biogas is produced by anaerobic decomposition of organic
matter by methanogenic bacteria, the key parameters of this process
being the composition of organic matter used [71] and temperature on
the digester, either mesophilic (30–35 °C) or thermophilic (55 °C)
[54,67]. The amount of biogas produced, as well as its composition, will
depend to a large extent on the organic matter or substrate used, re-
quiring an adequate balance between the C and N content into the
substrate (Wu et al., 2009). On average, it is estimated that 300–1000 L
of biogas per kg of fermentable volatile solids [15] can be produced,
varying the hydraulic residence time of the biomass in the anaerobic
reactor between 10 and 30 days depending on its greater or lesser
biodegradability [51]. The biogas produced usually has a CH4 content
of 56.7% and 63.5% [61,40], although this proportion can increase up
to 80% CH4 if really easily degradable substrates and optimum condi-
tions are used.

The production of biogas in anaerobic digesters operated between
30 and 35 °C ranged at 0.5 to 4.0 L per litre of reactor and day de-
pending on the quality of the substrate used, which corresponds to net
methane production rates between 0.2 and 2.4 L/L·day. If the tem-
perature decreases below 20 °C, this production of biogas is sig-
nificantly reduced, while in the thermophilic range the production

Fig. 1. mini-CAES concept and biogas hybridization as a reliable technology to store renewable energy.
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increases [40,23] up to 40% [37]. Another option to increase biogas
production is the application of pre-treatment techniques [7] such as
thermal hydrolysis step before anaerobic digestion, which increases the
production of methane between 30 and 52% [66].

For the current study, the production of biogas in the mesophilic
range has been considered. To determine the dimensions of the digester
required for a biogas production of between 120–200 m3/h, it is con-
sidered the utilization of a substrate with an organic matter content of
40–60 g/L, in the range of conventional anaerobic digestion processes
[1]. Substrates accomplishing this requirement include wastes pro-
duced in the primary sector (straw form cereals, grass ensilage, leaves
and cattle and pig manure). In order to minimize the heat losses into the
system, the walls of the digester shall be insulated with a polymer layer;
according to previous works published polystyrene could be used [15].

2.3. Use of biogas: Combined heat and power unit

For the energy use of biogas, a Combined Heat and Power (CHP)
system is considered [38,65]. Chemical energy is transformed into
electricity and heat, where fuel options included biogas and other bio-
based liquids and gases [55]. CHP system comprise internal combustion
engine and an electric generator. Additionally, this system takes ad-
vantage of the thermal energy generated through heat exchangers with
the different thermal fluids of the engine: specifically, engine cooling
systems and exhaust gas systems.

Electricity production may be determined according to electrical
efficiency which is defined as the ratio between produced energy
(power) and heat of combustion (calorific value). Electrical efficiency
(µe) assessment is based on the commercial specifications of a generator
with biogas as fuel, and its value is 0.4277 [60]. In particular, the en-
ergy balances of the engine reflect that the chemical energy of the
biogas is transformed following the following scheme: (i) electricity:
42.77% and (ii) theoretically, the rest of the heat of combustion is
transformed into thermal energy, 57.23%. Thermal energy is dis-
tributed into different gen-set equipment: Jacket water heat (HT),
23.10%. Intercooler (LT) water heat, 2.45%. Exhaust heat, 21.02%,
engine radiation heat, 2.96% and generator radiation heat, 1.23%. In
this case, to achieve the best organization in the use of heat, it is

recommended to use the thermal energy of the cooling water of the
engine jacket and that of the exhaust gases [16].

Thus, thermodynamic calculations for the heat transfer process from
the biogas gen-sets to the expansion process are based on the con-
sideration of adiabatic heat exchangers. This exchanger considers that
the heat released by the hot fluid (Qr) is equal to the heat absorbed by
the cold fluid (Qa) [48]. Taken into account the calorific capacity of the
considered fluid (CPr, CPa), it is possible to establish the transmitted
heat as a function of mass flow of fluids (mr, ma) and temperature
variations (ΔTr, ΔTa) (Eq. (2)). This equation will be applied according
to the number of exchangers defined in the expansion stage.

=m Cp T m Cp TÂ· Â·Δ Â· Â·Δr r r a a a (2)

Eq. (2). Transmitted heat in adiabatic exchangers in the CHP unit.

2.4. Expansion process

In the process of expanding the compressed air from the under-
ground conditions (Pi, Ti) to the final stage (Pf, Tf) in its release into the
atmosphere, an enthalpy change occurs with two effects: work (Wif)
and, drop in air temperature according to its expansion process. Both
variations are relevant in this study, since from its calculation it will be
possible to know the energy generated in the process that will be
transformed into electrical energy through the turbine, and it will also
be known in thermal exchange with the CHP system described.

Thus, thermodynamic calculation of the expansion process, ac-
cording to [69], considers air as an ideal gas and the adiabatic process.
Considering the Ideal Gas Law, and an isentropic coefficient of 1.40
(Cp/Cv = k) [69], it is possible to assess the power of the process (Eq.
(5)), considering the isentropic compression process (Eq. (3)) [6] and
the first thermodynamic Law (Eq. (4)).
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Eq. (3). Initial (pi, Ti) and final (pf, Tf) conditions, considering an
isentropic compression process.

Fig. 2. Basin Basque-Cantabrian, as a region of development of the concept mini-CAES and bio-CAES [42].
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Eq. (4). First thermodynamic Law.
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Eq. (5). Power unit, considering an isentropic process and ideal gas.

3. Results

The alternative of an energy storage cavity at a depth of 100 m and
of moderate dimensions of 20,000 m3 is considered in this study. In this
way, anaerobic digestion is considered in the range of standard pro-
duction, mesophilic conditions are the most widespread operation
mode in industrial applications.

3.1. Train of compression and heat exchanger

According to the cavity conditions defined in material and methods
section, the mass of air to be injected into the cavity is calculated with
Eq. (6). Considering the most efficient train of compression, the same
ratio of compression is considered for this calculation (Eq. (7)).

=m
m kg

t s
̇ ( )

( ) (6)

Eq. (6). Operative volume to be compressed and injected into the
storage cavity

Considering maximum and minimum pressure conditions, it is
possible to determine the flow of air to be injected into the cavity,
named as working air. The flow could be assessed considering 6 h in the
process of compression (Table 1).

The description of the compression train considers the Eq. (7) to
define the number of stages and a similar ratio of compression for each
stage (α). Finally, the work consumed in the compression train (W)
might be assed according to Eq. (8). Where n is number of stages, P2 is
the final pressure and P1 is the initial pressure.
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Eq. (7). Ratio of compression
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Eq. (8). Energy consumption, considering a polytrophic process.
In order to find the most efficient storage system that takes ad-

vantage of the maximum amount of available thermal energy from the
compressed air, a sensitivity analysis has been carried out considering:
(a) Compression stages; from 1 to 5 stages, (b) Water flows; from 5 to
40 kg/s, (c) Temperature of water outlet of the heat exchanger (air–-
water), from 65 to 95 °C.

The value to be optimized is the energetic coefficient (Δε) (Eq. (9)).
It is measured as the difference between the heat transmitted to the
water (used by the same system, as “benefitted heat”, qb) and the heat
that must be lost from the air to avoid excessively high temperatures
(heat lost by the system, ql) divided by the benefitted heat or trans-
mitted to water.

=
−

ε
q q

q
Δ b l

b (9)

Eq. (9). Energy coefficient of the BIOCAES system, measured as
benefited heat.

It should be taken into account that the available air heat is the sum
of the benefited heat (qb) plus the heat lost (ql). The restriction of the
analysis is that the benefitted heat “qb” should be at least 33% of the
available air heat then lost heat “ql” should be 66% of the available heat
that would result in a value of −1 and 1 when heat lost is zero. On the
other hand, the usable power of the water defined as the available
water power has been calculated from the power of 900 kW necessary
to maintain the conditions of the digester. With this, values of zero for
the variable Power Available satisfy the system while the rest is the
volume increase capacity of the digester (Fig. 3).

According to the simulation process, four and five stages do not
meet the aforementioned condition described in the previous para-
graph. On the other hand, the best option to satisfy the 900 kW of the
digester is a system with three compression stages.

Once the three compression stages have been chosen, it is necessary
to consider different parameters to select the optimal operating condi-
tions of the train of compression (Fig. 4).

3.2. Anaerobic digestion: biogas production

Considering a digester with a capacity of 5,000 m3 and a waste with
organic matter concentration of 45–55 kg of organic matter per m3, it is
possible to determine the production of biogas considering mesophilic
conditions. Since the complete mix reactors are the digesters more
prevalent, given that they can be fed with wide range of organic sub-
strates (urban solids, manures, green wastes and others), this tech-
nology was chosen in this proposal. Reactor consists in a cylinder of
22 m of diameter and 11 m of height with a pneumatic cover shaped
like spherical cap with a partial height of 4.1 m. A complete description
of this technology has been previously reported [15,62,59].

The overall volume of the digester is 5,000 m3. One quarter of this
volume corresponds to the headspace which is occupied by biogas,
according to the design described by [15], and the hydraulic retention
time is fixed at 20 days. This digester can treat a volume of wastes of
200 m3 per day with a biogas productivity of 5,300 m3 of raw biogas. In
this calculation a yield of 0.53 m3 of biogas per kg or organic matter
was considered, taking an average value of main available wastes and
the reported biogas production (Table 2) [15].

The anaerobic digester is integrated in the overall process using the

Table 1
Operational conditions of the air storage cavity.

Pressure (kPa) Mass (kg) Flow (kg/s)

Maximum storage conditions 1,800 422,396
Minimum storage conditions 900 211,198
Working air 211,198 9,77

Fig. 3. Sensibility analysis considering different number of stages for the train
of compression.

B. Llamas, et al. Energy Conversion and Management 210 (2020) 112695
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thermal energy released in the compression train. Operational para-
meters and main energy figures of the projected biogas installation are
shown in Table 3.

Total heat required by the anaerobic process Qt, (kWh per day) was
calculated following the Eq. (10).

= +Q Q QT D S (10)

Eq. (10). Total Heat required by the anaerobic process.
Where QD is the thermal energy required to maintain the mesophilic

temperature (35 °C) in the inner part of the digester and Qs is the

thermal energy required to elevate the temperature of the inlet sub-
strate from ambient temperature to 35 °C. QD was calculated as an
addition of the total heat losses through the surface of the digester (Eq.
(11)).

= + +Q Q Q QD w c G (11)

Eq. (11). Total Heat Losses.
Where Qw is the heat losses through the vertical wall of the cylinder,

which is the thermal energy transferred from liquid content of the di-
gester to the air. Qc is the heat losses through the pneumatic cover of
the digester (biogas and air). QG is the heat losses due to the heat
transfer through the digester and the ground. The values of Qw, Qc and
Qg where calculated according to the Eq. (12).

= ∙ ∙ −Q U A T T( )i o (12)

Eq. (12). Heat Losses in a partition of the digester.
Where U (Wm−2C−1) is the heat transfer coefficient, A (m2) is the

area of partition considered (walls, cover or ground), Ti is the tem-
perature inside the digester (35 °C) and To is average ambient tem-
perature. Heat transfer coefficient (U) was calculated following the
suggestion of PN-EN ISO 6946 (Eq. (13)).

=
+ ∑ +=

U
R R

1

i i
n d

k o1
i
i (13)

Eq. (13). Heat Transfer Coefficient
Where Ri and Ro are the resistance of the heat transfer through the

inner and outer surface of the digester. d is the thickness of the material
layer used in the insulation and k is the thermal conductivity coefficient
of this material (polystyrene). A value of k of 0.05 Wm−1C−1 was
considered in this study. The heat transfer coefficients inside and out-
side the reactor were 4,000 and 400 Wm−2C−1, respectively [15].

The amount of energy required to heat the substrate was calculated
according to the Eq. (14).

= ∙ ∙ −Qs F C T T( )s H i i20 (14)

Eq. (14). Energy required to heat the substrate.
Where, Fs is the daily influent flow to the digester (m3d−1), CH2O is

the heat capacity of the water (which is assumed to be equal to the heat
capacity of the substrate since it is composed in 96% per water).

The amount of thermal energy required by the anaerobic digestion
was estimated in 5,214 kWh per day. Compression train can supply a
total of 5,400 kWh in each cycle of compression (one per day), enough
energy to supply the thermal needs of the digester, so no supplemental
thermal energy is required to thermostatationthe digester and sub-
strates. These conditions present a significantly more favourable sce-
nario for waste conversion to energy through anaerobic digestion, since
conventional processes consume an important amount of biogas in
boilers. This fact jeopardizes the implementation of digesters in tem-
perate or cold climates where thermal demand account with a large
contribution of the energy production in installations devoted to man-
agement of manure, green waste or other residues [24,57]. Beside this,
integration of biogas production units into the renewable mix has been
pointed out as an important tool for production of indigenous dec-
arbonized energy [35].

Taking into consideration the Basque-Cantabrian Basin as a case of
study, it has been considered the data from PROBIOGAS project to
determine the availability of organic matter substrates referred in
Table 2 [56]. As shown in Fig. 5, the Basque-Cantabrian region pro-
duces enough organic waste which could be considered as a raw ma-
terial in the BIO-CAES system. The area includes several agro-industries
(livestock: pig and cattle farming and related industries). Geological
conditions would define the location of the BIO-CAES infrastructure,
but it should be far from urban areas. For this reason, Organic Matter
considered in this study were based on industrial waste such as
agroindustry (livestock farming, crop residues).

Fig. 5 represents available organic matter from industry (residues),

Fig. 4. Sensibility analysis considering four parameters: water temperature,
water flux, available enthalpy and efficiency of the hybridization system.

Table 2
Biogas production considering the most common organic matter (mesophilic
conditions).

Waste Biogas production (m3/kg organic matter)

Straw from cereals 0.2–0.5
Grass ensilage 0.6–0.7
Leaves 0.6
Vegetable wastes 0.4
Bio-waste from households 0.1–0.3
Cattle Manure 0.1–0.8

Table 3
Anaerobic Digestion parameters to define energy production.

Value Units

Digester dimensions
Volume 5,000 m3

Height 11 m
Diameter 22 m
Height spherical cap 4.1 m
Digester operation
Hydraulic Retention Time 20 d
Flow 200 m3d−1

Biogas production 5,300 m3d−1

Biogas composition 65% CH4/35%
CO2

% vol

Biogas yield 0.53 m3 biogas kg
SV−1

Organic matter concentration 45–55 Kg SV m−3

Digester energy balance (daily basis)
Energy production (as biogas) 34,450 kWh
Total Heat required 5,214 kWh
Heat required (thermostatation digester) 410 kWh
Heat required substrate 4,702 kWh

B. Llamas, et al. Energy Conversion and Management 210 (2020) 112695
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whereas red areas represent salt dome structures. According to this
figure, Basque-Cantabrian basin could be a suitable region to consider a
BIO-CAES infrastructure to store energy. Most of the geological struc-
tures considered are close to industrial residues (with a local capacity
higher than required for the BIO-CAES system described in this study).

3.3. Biogas CHP

The calculation of the CHP system will be carried out for the case of
biogas production in the mesophilic range. The general scheme of op-
eration is as follows: Although the temperature of the inlet air to the
geological storage is higher than that of the cavity, due to the high
thermal transmission that occurs in this type of storage, it is reasonable
to consider that the air temperature is going to equal quickly to that of
storage, which for a depth of 100 m can be estimated at 18 °C
(Considering a normal Geothermal Gradient, 25 °C/km).

As it can be seen from the comparison of points 9 (jacket water) and
15 (exhaust gases) points (Fig. 6), the exergetic value of the combustion
gasses is much higher than the jacket water, since its temperature is
much higher (Table 4). Therefore, its ability to raise the temperature of
the air which is extracted from the storage cavity is higher, despite
being different fluids. Therefore, and for a greater thermal utilization
and a greater overall efficiency of the assembly, in each one of the
planned turbine stages, it is proposed to first perform a thermal ex-
change between the air to be expanded and the jacket water (pre-
heating) for later increase its enthalpy in another thermal exchange of
the air with the exhaust gasses. The configuration considered in this
study is the most efficient from the thermal energy point of view.

Moreover, Fig. 6 represents the study based on heat transfer, thus
the pressure on the water and flue gases circuits have been considered
constant: 2 and 1.5 bar respectively.

Regarding the electrical generation through the alternator coupled
to the combustion engine, the calculation starts from the data provided
regarding the electrical performance of the whole, with respect to the
inlet biogas flow and its calorific value. Taking into account the daily
variations of the electricity price [50], and selecting the hours in which

said price is higher, a generation period of four hours will be considered
both for the motor generator and for the compressed air expansion
turbine, since they must work simultaneously to be able to carry out the
thermal exchanges between the different fluids. According to the pro-
posed scheme (Fig. 6) and taking into account the Eq. (2), the results
collected in the table are obtained (Table 4).

For the estimation of electricity generation, the gen-set performance
is considered in the equipment specification described in ‘materials and
methods’ section. With an electrical performance of 42.77% and
knowing the calorific value of the biogas (7.02 kWhm−3), and the daily
production (5,300 m3·day−1), the energy of the biogas (primary energy
of the process) is obtained: 37,206 kWh. Finally, the final electricity
produced will be 15,912 kWhe·day−1. With the operating regime es-
tablished (4 h per day) the final power of the motor generator will be
3.98 MWe.

Considering the values obtained in Table 4 and Eq. (2), it is possible
to calculate the used heat from the CHP system, reaching energy values
of 8,506 kWh from the jacket water and 7,822 kWh from the exhaust
gases (total used heat is 16,328 kWh). If these values are compared with
those of the heat available (8.593 kWh and 8,226 kWh respectively,
total heat available 16,819 kWh), the overall efficiency of the system is
97.08% (ratio between used heat and available heat). It suggests that
the utilization of the available heat is practically the maximum.

To confirm the values obtained, it should be verified that the heat
transmission in the preheating stage – which is limited by the exit
temperature of the water from the jacket water 90 °C and by the first
principle of thermodynamics–, reaches reasonable values. Thus, the
temperature of air in the preheating step is below 85 °C. In both cases
(points 2 and 5, Fig. 6), the temperature is really below with values
close to 82 °C, validating these calculations.

It must also be confirmed that the temperature of the compressed air
does not drop below 0 °C after the expansion process (points 4 and 7,
Table 4 and Fig. 6) to avoid possible freezing of the humidity of the air.
This could limit the use of heat from exhaust gases, but this is not the
case since the values are 2.08 and 1.03 °C respectively. Finally, the
maximum temperatures reached for compressed air before entering the

Fig. 5. Available Organic Matter. Area of study: Basque-Cantabrian Basin.
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turbine (points 3 and 6, Table 4 and Fig. 6) below 150 °C are reasonable
and compatible with the current materials used in the manufacture of
radial turbines.

3.4. Expansion process

The expansion system consists of different stages in which the se-
lected equipment is the radial turbine, [26,49] to maximize the elec-
trical energy generated through the expansion of compressed air in the
CAES cavity [27]. In the case studied (Fig. 6), a High Pressure (HPT)
and Low Pressure (LPT) Turbines are considered [25], on which pre-
vious air heating is carried out using the heat generated by the CHP
system [12], to increase the enthalpy of the air and improve the elec-
trical performance of the assembly, which is the final objective of this
study, as well as to demonstrate its viability.

For the calculation of the intermediate pressures, equal pressure
jumps are considered in each of the stages, [18], where the inter-
mediate pressure (point 4,) will determined with the Eq. (7). Finally,
ambient pressure is the final pressure of the entire system. The fol-
lowing results are obtained from the calculations made based on the
compressed air data and its different heating in the CHP system
(Table 5).

The results obtained, in this case, are defined by the generation of
electrical energy by the set of radial expansion turbines. In an en-
gineering scheme, both groups of turbines will be coupled to a common
axis that will turn an alternator to generate electric power. In this study
we do not consider the mechanical losses of this equipment, which are
usually not very significant [69]. Therefore, we can show the general
energy by the HPT and by the LPT in a differentiated way, which allows
us to obtain more information. Taking into account this simplification,
this mechanical work obtained in the process can be assimilated as
electrical energy generated, obtaining the final data of electric

Fig. 6. Electricity generation system, considering CHP and HP &LP turbines.

Table 4
CHP Heat Exchange.

Point Fluid Temp. °C Flow

1 air 18 14.66 kg/s
2 air 82.52 14.66 kg/s
3 air 145.15 14.66 kg/s
4 air 2.08 14.66 kg/s
5 air 80.93 14.66 kg/s
6 air 143.56 14.66 kg/s
7 air 1.03 14.66 kg/s
8 biogas 15 1,325 m3/h
9 water 90 118.04 m3/h
10 water 90 53.12 m3/h
11 water 90 64.92 m3/h
12 water 74.50 53.12 m3/h
13 water 74.50 64.92 m3/h
14 water 74.50 118.04 m3/h
15 exhaust gases 440 19,752 m3/h
16 exhaust gases 440 9,876 m3/h
17 exhaust gases 440 9,876 m3/h
18 exhaust gases 110 9,876 m3/h
19 exhaust gases 110 9,876 m3/h
20 exhaust gases 110 19,752 m3/h
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generation in the expansion system (Table 6). Taking into considera-
tion, the electric generation values obtained in the CHP system, a total
joint generation in the environment of 8 MWe is achieved.

4. Conclusions

The continuous increase in the installation of intermittent renew-
able energy supply systems (wind and solar energy) on detriment of
energy supply systems based on fossil fuels, makes necessary to estab-
lish energy storage technologies that allow decoupling the generation
and demand of energy. The development of energy storage systems is
considered relevant for the deployment of the aforementioned energy
sources.

Conventional Compressed Air Energy Storage System shows a low
energy efficiency, compared to other alternatives such as Pumped
Hydroelectric Storage. To overcome this issue, thermal energy pro-
duced in the compression stage may be managed coupled with an
Anaerobic Digester.

Accordingly, a small underground cavity has been proposed – 100 m
deep and a capacity of 20,000 m3) – to store compressed air. The
process is driven by a three stage train of compression (20.2MWh).
Enough thermal energy is produced to operate an Anaerobic Digester
(5,000 m3 and an energy production of 34.45 MWh·day−1); thus, the
thermal energy is used instead of storage it, to produce biogas which
easy stored. Biogas and compressed air is used in the process to produce
energy – considering a Combined Heat and Power Unit, with an energy
production of 15.91 MWhe·day−1 and, 16.82 MWhthermal·day−1 and a
train of turbines – Low and High Pressure, with an energy production of
16.52 MWhe·day−1. Therefore, the BIOCAES concept has a theoretical
energy efficiency over 80%.

The work of hybridization of technologies – anaerobic digestion and
compressed air energy storage – gives undoubted benefits to the system:
(1) sufficient thermal energy to work in the mesophilic range with the
consequent stability in biogas production and a complete conversion of
biodegradable organic matter into biogas; (2) energy storage in che-
mical form (biogas) more efficient than thermal energy storage; BIO-
CAES technology avoid any investment in expensive Thermal Energy
Storage equipment; (3) the heat management in the BIOCAES tech-
nology, allows a high energy efficiency of the system, without heat
losses; it has been assessed an overall theoretical efficiency of the BIO-
CAES higher than 70%, which could be the figure considered for PHS
system. (4) The use of gen-sets and biogas in periods of maximum de-
mand for electricity, maximizes the return on investment of this system
and finally, (5) BIO-CAES will be based on 100% renewable sources in
the expansion process (generation of electricity), and it may be con-
sidered a secure source of energy.

Different compression and expansion configurations have been

studied, proposing the one that offers the greatest efficiency of the
whole, studying different configurations through calculation and si-
mulation. The biochemical storage of the energy stored in the com-
pressed air makes it possible to uncouple it completely from the electric
power generation system through the generator-set system plus the
compressed air turbine.

Next studies will evaluate socio-economic conditions in the Basque-
Cantabrian basin and region, in order to complete the hybridization
technology description presented in this study.
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