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Figure 5-8: Variation of charging mass flow rate with compressor power.

Figure 5-9: Variation of discharging mass flow rate with turbine power.

To better understand the performance of the designed CAES system, the thermodynamic
properties of the system when it operates under full load condition are presented in Table 5-4. The
effect of using a recuperator in the system can also be seen in the table, as the outlet temperature of

the last turbine is still high at 361.76 K, entering the ambient air. This heat is recovered by the
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recuperator and transferred to the compressed air stream before entering the first turbine, increasing
the thermal efficiency of the system. Overall, the table shows that the designed CAES system has

promising thermodynamic performance when operating at full load.

Table 5-4: Operating conditions of CAES system under full load conditions.

State Temperature Pressure State Temperature Pressure
(K) (bar) (K) (bar)
Inlet of first compressor 267 1.01 Outlet of valve 267 38
Outlet of first compressor 382.22 3.13 First outlet of recuperator 347.55 38
Inlet of second compressor 286.04 3.13 Inlet of first turbine 469.51 38
Outlet of second compressor 417.29 9.69 Outlet of first turbine 359.63 11.30
Inlet of third compressor 293.06 9.69 Inlet of second turbine 471.92 11.30
Outlet of third compressor 427.52 30 Outlet of second turbine 361.48 3.36
Inlet of fourth compressor 295.10 30 Inlet of the third turbine 472.29 3.36
Outlet of fourth compressor 430.29 92.92 Outlet of the third turbine 361.76 1.01
Inlet of the air reservoir 293.7 92.92 Second outlet of recuperator 281.21 1.01
Inlet of the valve 267 92.92

Table 5-5 and Figure 5-10 provide a comprehensive overview of the exergy destruction in
each component of the CAES system. It is evident from the results that the pressure regulating valve
incurs the highest amount of exergy destruction, accounting for almost 50% of the total. This is
primarily due to the significant pressure drop that occurs in this component. Furthermore, the
turbines and compressors contribute 33% and 19% of the total exergy destruction, respectively. The
exergy destruction associated with the recapture process is negligible compared to the other
components, representing only 1.4% of the total exergy destruction. In summary, the analysis
reveals that the pressure regulating valve is the primary source of exergy destruction in the CAES
system. Therefore, optimizing the design and operation of this component could lead to significant
improvements in the system's overall performance.

Table 5-5: Exergy destruction of CAES components.

Exergy destruction

Component
(kW)
Compressors 346.91
Turbines 614.34
Pressure regulating valve 874.72
Recuperator 25.46
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Figure 5-10: Exergy destruction share of the CAES components.

Table 5-6 provide a comparison of the scheduling results obtained by neglecting or
considering the off-design conditions in the modeling of the CAES system. The analysis reveals
that considering design conditions leads to lower average daily total cost, CO2 emissions, and
demand curtailment. However, since the CAES system is designed to make wind energy
dispatchable, it will mostly operate in partial load, off-design conditions. Therefore, relying solely
on the design condition results may not be realistic. The optimization results depicted in Figure 5-11
demonstrating that when considering only design conditions CAES operates more than when the off-
design conditions are considered. While design conditions may provide useful insights into the
CAES system's performance, it is important to consider the system's behavior under off-design

conditions as well for a realistic result.

Table 5-6: Result comparison of considering design or off-design conditions of CAES.

Design condition Off-design conditions
Average daily total cost ($) 16846.48 17396.35
Average daily CO, emissions (kg) 11882.33 12611.15
Demand curtailment throughout a year (kW) 1161.47 1380.97
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Figure 5-11: Compering the number of operating hours for design and off-design conditions.

Figure 5-12 illustrated the CAES operating power frequencies for design and off design
conditions. It can be concluded from this figure that when moving towards low power requirements
the CAES is less likely to operate when considering off-design conditions as it would not be
efficient as the full load conditions. For instance, for the category of (-1000, -500) when considering
off-design conditions the CAES system operates 227 hours, but when the off-design conditions are
neglected, it would operate 291 hours in this power category. Figure 5-13 provides a comparison of
the scheduling results obtained by considering and neglecting off-design conditions. As depicted in
the figure, when off-design conditions are neglected, the CAES system operates in hour 2 and 3.
However, when partial load conditions are taken into account, the CAES system does not operate
during those hours, as it would not be efficient enough to meet the demand. the results indicate that
neglecting off-design conditions can lead to overestimating the CAES system's operating hours.
Therefore, it is crucial to consider the system's behavior under different operating conditions,

especially in partial load scenarios, to ensure efficient and effective operation of the CAES system.
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Figure 5-12: Power frequencies of CAES for off-design and design conditions.
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Figure 5-13: Comparison of the scheduling results for off-design and design conditions.

As shown earlier in Table 5-4 the recuperator plays a crucial role in enhancing the efficiency

of the CAES system by recovering the heat from the high outlet temperature of the last turbine.
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Figure 5-14 depicts the discharge power frequencies of the CAES system with and without the
recuperator. The optimization results indicate that the system with recuperator discharges more
frequently, typically by 24 hours, than the system without recuperator. It is worth noting that the
outlet temperature is higher when the turbine operates at higher power rates, resulting in a larger
amount of waste heat compared to lower power rates. As a result, the frequency difference between
the two systems is more significant for power rates higher than 1500 kW. Overall, the recuperator
plays a significant role in enhancing the efficiency of the CAES system by recovering waste heat,
which would otherwise be lost. By taking advantage of this recovered heat, the system can operate

more efficiently and discharge more frequently, making it more effective in meeting energy

demands.
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Figure 5-14: Discharge power frequencies of CAES with and without recuperator.

Figure 5-15 illustrates the effect of neglecting the off-design conditions in the design process
on the operation of the system. Initially the system was designed based on the design conditions and
the pressure variation throughout a year is shown in Figure 5-15. The operation results (Disel
generation, wind generation, CAES charging and discharging etc. at each time step) were applied to
CAES model while considering off-design conditions. As shown in this figure there would be
myriads of violations in terms of minimum and maximum pressure. Because In reality, when the
required power is lower than the nominal capacity of the CAES system, it operates in the off-design
condition, which means it discharges more air to provide the same power as the design conditions.
As the load rate decreases, the isentropic efficiency of the compressor and turbine drops, requiring
the system to discharge more air to maintain the same power output and on the other hand the same
amount of input power less air would be stored in the charging process. Therefore, neglecting off-

design conditions during the design process could lead to pressure violations and unmet demand. In
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this case study, neglecting off-design conditions resulted in 2280 hours of pressure violation, leading
to significant demand curtailment. It is crucial to consider off-design conditions during the design
process to ensure that the system operates efficiently and satisfies the energy demands without

violating any pressure limits.
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Figure 5-15: Effect of neglecting the off-design conditions in the design process on the operation of the system.

The results presented in Figure 5-16 demonstrate the impact of particle numbers and iteration
numbers on the optimization process in the PSO algorithm. The figure clearly shows that as the
number of particles increases, the convergence speed of the algorithm improves significantly.
Moreover, increasing the particle numbers and iteration number results in a decrease in the
minimum average daily cost, which drops from around 17600$ to approximately 17400$ as the

particle numbers and iteration numbers increase.
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Figure 5-16: Optimization process for different particles and Iteration numbers.
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Chapter 6 : Conclusions

6.1 Summary
In this thesis, a bi-level programming approach was proposed to design an energy system consisting

of wind turbines, CAES, and diesel generators to meet the electricity demands of the remote
community of Kuujjuaq in northern Quebec. The primary objective was to gain a deeper
understanding of the mechanical modeling and performance of CAES during sizing and scheduling.
A comprehensive mechanical model of the CAES system was developed, along with all necessary
comments and considerations of off-design conditions when using bi-level programming for
designing and scheduling. The findings indicated that the integration of CAES into the energy
system reduced the reliance on diesel generators and decreased the overall operational costs. The bi-
level programming approach allowed for the optimal sizing and scheduling of the energy system,
resulting in a more reliable and sustainable energy supply. Overall, the thesis provided valuable
insights into the application of CAES in remote communities and highlights its potential as a viable

solution for meeting electricity demands in areas with limited access to traditional power sources.

6.2 Contributions
The main research contributions of this thesis can be categorized as:

(1) It was demonstrated that the utilization of an energy system incorporating wind turbines,
CAES, and diesel generators in remote areas with ample wind resources could significantly
decrease daily total cost and CO2 emissions compared to a system powered solely by diesel
generators. The case study showed a remarkable 69% and 76% reduction in average daily
total cost and CO2 emissions, respectively. The integration of CAES into the energy system
allowed for efficient energy storage and utilization during periods of low wind generation,
reducing the reliance on diesel generators and resulting in lower operational costs and
emissions. This approach not only provides a more sustainable and environmentally friendly
solution but also has economic benefits for remote communities that would otherwise face
high energy costs due to reliance on diesel fuel. The thesis highlights the potential of
integrating renewable energy sources, such as wind turbines, with energy storage
technologies like CAES to improve the reliability, sustainability, and affordability of energy

supply in remote areas while reducing environmental impacts.
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(2) It was proved crucial to consider the off-design conditions of CAES during the design and
scheduling phases to avoid obtaining unrealistic results. Neglecting partial load conditions in
the design process, for example, can lead to lower daily total cost, CO2 emissions, and
demand curtailment. However, this approach is flawed because it assumes that the system
always operates at design efficiency, regardless of the power requirements. In reality, the
efficiency of the compressor and turbine significantly decreases when operating below their
maximum capacity. Neglecting the off-design conditions during design and scheduling can
also result in increased unmet demand, reducing the reliability and performance of the
energy system. This highlights the importance of accurately modeling the mechanical
behavior of the CAES system, including off-design conditions, to optimize its performance
and improve the overall energy system design. The thesis emphasizes the significance of
considering off-design conditions in the design and scheduling of CAES systems. Neglecting
these conditions can lead to unrealistic results, including lower daily total cost and CO2
emissions, increased unmet demand, and decreased overall system performance.

(3) Detailed mechanical modeling with consideration of all the required components led to a
deeper understating of the design of CAES. For instance, modeling a recuperator would
enhance the performance of the system as it recovers the heat from the outlet of the last
turbine. Conducting an exergy analysis of the CAES system can provide insight into the
system's energy losses and help identify opportunities for improvement. The analysis
revealed that the valve is responsible for most of the exergy destruction in the system due to
its significant pressure drop. This finding highlights the importance of selecting an
appropriate valve design and optimizing its operating conditions to minimize energy losses.
Detail mechanical modeling and considering all the required components can lead to a
deeper understanding of the design of a mechanical system, ultimately resulting in a more

efficient and effective system design.

6.3 Key assumptions and limitations
Below is a list of limitations identified as relate to the research presented in this thesis:
(1) The mechanical losses on the motor and generator side were not considered and these
components are not simulated.

(2) The response time and the ramp-up and ramp-down limitations on compressor and turbine
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were not considered.

(3) The investigation into the dynamic operation and temperature variability of thermal storage
in the heat recovery system was not studied and the hot and cold tanks were considered at a
constant temperature.

(4) All model parameters, including both cost and technical parameters, remain constant

throughout the analysis and are obtained from the literature.

6.4 Future works

For future works the following avenues could be explored:

(1) Taking into account the response time of the CAES system as well as any losses that may
occur on the motor and generator side. By carefully considering these factors, it is possible to
gain a more complete understanding of the system's efficiency and effectiveness. This
information can then be used to optimize the system's performance and identify opportunities
for improvement, ultimately leading to a more reliable and cost-effective energy storage
solution.

(2) It is also important to consider the dynamics of the CAES heat recovery system in the design
and operation. This involves careful consideration of factors such as the heat transfer fluid,
hot tank and cold tank design, and system control mechanisms. By optimizing these factors,
it is possible to improve the overall efficiency and reliability of the CAES system, ultimately
leading to a more sustainable and effective energy storage solution.

(3) In addition to minimizing costs, it is also important to consider other objectives such as
improving the efficiency and reliability of the CAES system. By considering these additional
objectives, it is possible to develop a more comprehensive and effective energy storage
solution that not only minimizes costs but also maximizes performance, durability, and
sustainability.

(4) Incorporating uncertainties in both demand and wind variables can improve the accuracy and
reliability of design and scheduling. This will help to better account for variations and
fluctuations in these parameters, resulting in more robust energy planning and management
strategies.

(5) To enhance the robustness and reliability of the findings, it would be advantageous for future

research to perform sensitivity analysis on the model assumptions, as well as the technical
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and cost parameters used. This analysis would help evaluate the impact of variations or
uncertainties in these factors on the overall results. By testing different scenarios and
considering the range of potential values for these parameters, a more comprehensive

understanding of the model's behavior and its implications can be gained.
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Appendix: Python codes
Wind turbine model:

In [4]: def speed_limit(v):
if (v<v_ci) or (v>v_co):
return 0
elif (v_r<=v<=v_co):
return P_r_wt
else:
return ((v**3-v_ci**3)/(v_r**3-v_ci**3))*P_r_wt

CAES model:

In [9]: class CAES(object):
def eta_c (self,a):
al 4.6948804252492010e+001

a2 5.9916135114652325e-001
a3 = -2.3775603099293894e-003

non

eta_c = al + a2 * (a) + a3 * (a**2)
return (eta_c/100)

def eta_t (self,a):
al = 4.1390729581326283e+001
a2 = 8.6154009677822008e-001
a3 = -5.7158107778840558e-003

a4 = 9.5398673887267854e-006

eta_t = al + a2 * (a) + a3 * (a**2) + a4 * (a**3)
return (eta_t/100)

def __init__ (self,P_tank,V_tank,T_tank,p_min,p_max,P_ch_max,P_dch_max,N,M):

self.T_tank = T_tank
self.p_min = p_min
self.p_max = p_max
self.P_ch_max = P_ch_max
self.P_dch_max = P_dch_max

self.N = N
self.M = M
self.rc self.p_max **(1/N)

self.rt = self.p_min **(1/M)

self.P_tank = P_tank

self.vV_tank = V_tank

self.Density = (self.P_tank*100000)/((self.T_tank)*self.R)
self.mass = self.Density * self.V_tank

self.soC = (self.P_tank-self.p_min)/(self.p_max - self.p_min)

def Charge(self,P_ch):
eff=0.85
self.time_step = 3600
partial_load = P_ch/self.P_ch_max * 100
P_c = np.arange(2*self.N + 1, dtype=float) * o
P_c[@] = self.pPo

self.T_c = np.arange(2*self.N + 1, dtype=float) * @
self.T_c[@] = self.To

self.To_out_c = np.arange(self.N)*e
for n in range(self.N):
P_c[2*n+1] = P_c[2*n]*self.rc
P_c[2*n+2] = P_c[2*n+1]

self.T_c[2*n+1]
self.T_c[2*n+2]

self.T_c[2*n]*(1+((self.rc**((self.k-1)/self.k)-1)/self.eta_c(partial_load)))
(1-eff)* self.T_c[2*n+1]+eff*self.TO

self.To_out_c[n] = (self.T_c[2*n+1]-self.T_c[2*n+2])+self.Te

sum_delta_T_c = @
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costFunc,x@,bounds,num_particles,maxiter = funcl, initial, bounds, 30, 5@
global num_dimensions

num_dimensions=len(x@)
err_best_g=-1 # best error for group
pos_best_g=[] # best position for group2

# establish the swarm

swarm=[]

for i in range(@,num_particles):
swarm.append(Particle(num_dimensions))

# begin optimization Lloop

i=o

gbest=[]

while i < maxiter:
#print i,err_best_g
# cycle through particles in swarm and evaluate fitness
wmin=0.2
wmax=0.9
w = wmax - i * ( (wmax - wmin) / maxiter)
for j in range(@,num_particles):

swarm[j].evaluate(funcl)

# determine if current particle is the best (globally)

if swarm[j].err_i < err_best_g or err_best_g == -1:
pos_best_g=list(swarm[j].position_i)
err_best_g=float(swarm[j].err_i)

# cycle through swarm and update velocities and position

for j in range(@,num_particles):
swarm[j].update_velocity(pos_best_g)
swarm[j].update_position(bounds)

is=1
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