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ABSTRACT
In the U.S., building sector is responsible for around 40%

of total energy consumption and contributes about 40% of car-
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bon emissions since 2012. Within the past several years, various
optimization models and control strategies have been studied to
improve buildings energy efficiency and reduce operational ex-
penses under the constraints of satisfying occupants’ comfort
requirements. However, the majority of these studies consider
building electricity demand and thermal load being satisfied by
unidirectional electricity flow from the power grid or on-site re-
newable energy generation to electrical and thermal home appli-
ances. Opportunities for leveraging low grade heat for electric-
ity have largely been overlooked due to impracticality at small
scale. In 2016, a modular pumped hydro storage technology
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was invented in Oak Ridge National Laboratory, named Ground
Level Integrated Diverse Energy Storage (GLIDES). In GLIDES,
employing high efficiency hydraulic machinery instead of gas
compressor/turbine, liquid is pumped to compress gas inside
high-pressure vessel creating head on ground-level. This unique
design eliminates the geographical limitation associated with ex-
isting state of the art energy storage technologies. It is easy to be
scaled for building level, community level and grid level appli-
cations. Using this novel hydro-pneumatic storage technology,
opportunities for leveraging low-grade heat in building can be
economical. In this research, the potential of utilizing low-grade
thermal energy to augment electricity generation of GLIDES is
investigated. Since GLIDES relies on gas expansion in the dis-
charge process and the gas temperature drops during this non-
isothermal process, available thermal energy, e.g. from thermal
storage, Combined Cooling, Heat and Power system (CCHP),
can be utilized by GLIDES to counter the cooling effect of the
expansion process and elevate the gas temperature and pressure
and boost the roundtrip efficiency. Several groups of comparison
experiments have been conducted and the experimental results
show that a maximum 12.9% cost saving could be achieved with
unlimited heat source for GLIDES, and a moderate 3.8% cost
improvement can be expected when operated coordinately with
CCHP and thermal energy storage in a smart building.

1. INTRODUCTION
In 2019, primary energy consumption of the United States

was about 100.2 quadrillion British thermal Units, and for the
first time since 1957, energy production exceeded energy con-
sumption in the United States on an annual basis [1]. The produc-
tion of petroleum and natural gas have both surpassed their previ-
ous highs set in 2018, while the renewable energy remained fairly
constant by growing about 0.1 quad and nuclear electric power
production has remained steady at nearly 8 quads for the past two
decades. Coal power production has declined for the third year
in a row and reached its lowest point since 1974. Among all the
main energy-use sectors, building sector is responsible for 39%
of total U.S. energy consumption in 2019, including 21% from
residential sector and 18% from commercial sector. Generally,
for buildings, The major areas of energy consumption in build-
ings are heating, ventilation, and air conditioning—35% of total
building energy; lighting—11%; major appliances (water heat-
ing, refrigerators and freezers, dryers)—18% with the remaining
36% in miscellaneous areas including electronics [2]. Besides
more strict building construction code and new advanced energy
technology (e.g. more efficient heat pumps, electric storage, etc),
large amount of research has been focused on integrated building
system design and control strategies to achieve greater operation
efficiency.

Upon satisfying thermal demand in buildings, combined
cooling, heating and power system (CCHP) have been concerned

widely in recent years as it could realize an energy cascade uti-
lization with overall energy efficiency 90%, and is gradually re-
placing the conventional centralized energy supply to some ex-
tent [3]. The performance of CCHP system can be improved
by integrating other energy sources [4], and thermal energy stor-
age [5]. Shared with CCHP, thermal storage and battery, the col-
laborative decision model is developed to study energy exchange
among two buildings under multi-objective framework [6]. A
novel performance curve strategy is proposed to optimize CCHP
operation [7], which leads to better performance than previously
published operating strategies, such as following electrical load,
following thermal load, following hybrid load, and matching per-
formance strategies. Under these operation strategies, the perfor-
mance of CCHP with cool thermal storage is evaluated for data
center cooling energy supply [8]. To minimize fossil fuel con-
sumption, a novel CCHP system including photovoltaic mod-
ule, wind turbine and solid oxide fuel cells as prime movers is
proposed [9], and then its feasibility is verified with battery and
heat storage tanks based on the operation of a hypothetical ho-
tel. A nonlinear, reduced order dynamic model is presented for
a small scale combined heat and power system (CHP) with sen-
sible thermal energy storage in the form of a stratified hot water
tank [10]. The model’s empirical parameters are identified and
its accuracy is validated based on the experimental data from a
micro-CHP testbed. In order to determine the optimal size of
thermal energy storage and auxiliary boiler in micro-CHP sys-
tem, the optimal behavior of different devices is predicted in
in the design phase by developed mixed integer linear model,
which can be useful in viability analysis. The modeling, plan-
ing and construction of large-scale seasonal hot-water thermal
energy storage is discussed in [11] for renewable district heat-
ing. COMSOL Multiphysics software is used to develop both
2-D and 3-D thermal energy storage simulations, which are cal-
ibrated using measured data from pit thermal energy storage in
Dronninglund (Denmark). The influence of thermal energy stor-
age geometry on stratification quality is also investigated using
a dimensionless indicator ranged in between perfectly-stratified
tank (0) and a fully mixed tank (1).

Along with the rising of distributed energy resources, build-
ings have transformed from traditional electricity consumer into
prosumer (producer and consumer), and efficient energy stor-
age is critical in aiding buildings to absorb more local renewable
generation and support more grid-interactive services in near fu-
ture smart grid. Currently available electricity storage technolo-
gies have been reviewed and compared based on their lifetime,
roundtrip efficiency, and energy density [12] [13]. For instance,
Li-ion and Zn-air batteries have exceptionally high energy den-
sity and are very promising technologies for building applica-
tion, but they are still costly to scale up for transmission level
deployment. On the other hand, pumped-hydro energy storage
(PHS) and underground compressed air energy storage (CAES)
are large-scale technologies capable of discharge times of tens
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of hours and capacities up to 1GW, e.g. PHS accounts for more
then 90% of installed storage capacity and has the longest life-
times, but they are dependent on suitable topographical condi-
tions and have relatively lower overall efficiency. To overcome
the disadvantage of PHS or CAES and address the need for dis-
patchable high-roundtrip efficiency energy storage, the concept
of modular pumped hydro storage (mPHS) is patented [14] and
prototyped as Ground Level Integrated Diverse Energy Storage
(GLIDES) in Oak Ridge National Laboratory. GLIDES could
be treated as combination of PHS and CAES [15], but it uses
air pressure in vessel to create high water head instead of lift-
ing water body in conventional PHS, and it uses generally high
efficient hydraulic machinery (water pump/turbine) instead of
gas compressor/turbine as in conventional CAES. In summary,
GLIDES has several advantages: 1) it can be installed at ground
level or below, basically anywhere that can structurally support
of pressure vessels; 2) it has the ability to integrate a diverse
range of low grade heat sources and use the waste heat to boost
power generation efficiency in discharging process; 3) it’s scal-
able which makes it possible to be allocated and utilized at grid-
scale or equipped for smart buildings for behind-meter applica-
tions. Some other recently proposed medium- to large-scale elec-
tricity storage technologies include Pumped-Thermal Electricity
Storage and Liquid-Air Energy Storage [16].

Since GLIDES technology is moving towards commercial-
ization at current stage, the research roadmap on GLIDES from
our team is summarized from the following phases: 1) concept
proof and thermodynamic simulation. The concept is introduced
[17], and theoretical results are derived from a transient, analyt-
ical, physics-based thermodynamic model used for system de-
sign and configuration [18]. Experimental thermodynamic per-
formance of the first GLIDES proof-of-concept prototype is re-
ported based on a calibrated/validated physics-based simulation
model [19]. 2) market revenue estimation and techno-economic
analysis. The first volume-control based operation model of
GLIDES is proposed [20] to quantify and estimate its market
potential in four ISO real-time markets by providing different
operating reserves and regulation services. 3) further operation
analysis with various use cases. At building level, stochastic
operation model of building microgrid equipped with GLIDES
is developed considering uncertainties from solar radiation and
electricity load [21] and solved using sample average approxi-
mation. Then at community level, GLIDES is assumed as price
maker or leader in local energy transaction market and commu-
nity buildings are followers [22]. Bilevel Stackelberg model is
formulated to show revenue potential of GLIDES in local energy
trading game. The Kriging surrogate model is trained aiming
to provide a more general and efficient capacity planning model
for charging station with GLIDES as energy storage [15] and
the cost performance of GLIDES and battery storage are com-
pared for this use case. For transmission level application, the
integrated operation of GLIDES with run-of-river hydro power

plants is under developing and the waste heat from transformer at
switch yard is assumed to be utilized by GLIDES. 4) alternative
improvement and cost reduction opportunities. Instead of air in
vessel, the mixture of CO2 and N2 is explored as alternative con-
densable gas to increase the energy density of GLIDES and the
optimal mixture composition is determined by simulation [23].
Various materials for pressure vessels, like steel vessel, carbon
fiber vessel, pipe segments and underground pressure reservoirs
are analyzed in [24] for cost reduction purposes.

In this research, the waste heat utilization ability of GLIDES
is simulated and then its thermal-electricity coupled operation is
modeled for building application, where CCHP is assumed as
thermal source. The organization of this research is as follows.
The configuration for GLIDES to utilize waste heat is introduced
briefly in Section 2, followed by a simplified simulation to sim-
ulate transient air/water status inside vessel with waste heat; in
Section 3, coupled thermal energy and electricity optimization
via GLIDES is developed for a smart building; three different
cases are conducted for experiments in Section 4 with compari-
son results. Finally, conclusions are drawn in Section 5.

2. GLIDES Configurations
A typical GLIDES system consists of a liquid storage, pres-

sure vessel(s) (pre-pressurized with the working gas), hydraulic
motor/pump and turbine/generator, see Figure 1. In charging pro-
cess, electricity will drive the motor to pump liquid (e.g. wa-
ter, oil, etc.) from liquid reservoir to the pressure vessel(s) un-
til certain gas pressure is reached (less than the vessel’s maxi-
mum allowable pressure). To recover the stored energy, the now
high-head water will be pushed by high pressure gas through the
hydraulic turbine (e.g. pelton turbine) which spins an electrical
generator to re-generate electricity. In this process, the gas pres-
sure/temperature drops along with its expansion, internal energy
is converted to hydro power.

To evaluate the performance and work loss in the poly-
tropic process, three different configurations of GLIDES (Fig-
ure 2) have been proposed and simulated in previous study [18].
Under base configuration, the work loss due to thermal loss in
non-isothermal compression/expansion could be calculated by
the area difference under air pressure-liquid volume curves for
charging and discharging. The results in [18] show that base
configuration has 90% indicated efficiency (ratio of work output
and work input) and 66% electric round-trip efficiency (ratio of
electrical output and input).

GLIDES has the capability of charging by pumping liquid
into the pressure vessel from the bottom, or sprayed into the ves-
sel from the top by a second circulation pump. In configuration 2,
it aims to leverage the orders-of-magnitude difference in thermal
capacitance between gas and liquid by recirculating the liquid
in a secondary loop and spraying it over the gas during charg-
ing and discharging. Because of larger thermal capacity of the
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(a) first-generation (b) second-generation

FIGURE 1: Prototypes of first (left figure, material:
conventional steel) and second generation GLIDES (right

figure, material: carbon fiber)

liquid, the liquid temperature remains almost constant, thus the
liquid is cooler than the gas (provides cooling) during compres-
sion and warmer than the gas (provides heating) during expan-
sion. A noticeable decrease of lost work in two separate near-
isothermal processes of compression and expansion is observed,
with 96% indicated efficiency and 70% electric round-trip effi-
ciency, reported in previous study [18]. In configuration 3, a ther-
mal exchanger is added downstream of the spray pump to utilize
any available waste heat to further enhance the effect of spray
warming/cooling during gas expansion/compression. Because of
the additional thermal energy, more hydraulic work could be ex-
tracted from the system than was stored via the pump. Depending
on different heat source temperatures 50 ◦C, 70 ◦C, 90 ◦C, indi-
cated efficiency is boosted to 103%, 107%, 112%, and electric
round-trip efficiency becomes 75%, 78% and 82%, reported in
[18]. Low grade waste heat sources qualified for GLIDES could
be as low as 30-50°C (e.g., from HVAC condensers or cooling
towers in building application), medium-temperature heat (50-
90 °C, e.g., from solar thermal receivers or combined heat and
power, geothermal) or as high as 95-120 °C (e.g., from trans-
former oil in hydropower plants).

2.1. Simplified Simulation
A very detailed and elaborated simulation of GLIDES with

waste heat has been studied in our previous work [18]. How-
ever, it is impractical to couple this detailed model to an opera-
tional decision model for GLIDES due to the computation burden
caused by its complex nonlinear behavior. To develop a tractable
operation model, a simplified model was developed first based on
configuration 3 in Figure 2. In discharging process, a small liq-
uid stream is diverted from discharging liquid flow and pumped
upwards by the circulation pump, on which path, it will be heated
up by heat exchanger and then sprayed from the top of the vessels
to compensate/boost air pressure in discharging.

FIGURE 2: Alternative configurations of GLIDES to integrate
thermal source

The simulation equations are explained as follows. The
number of moles of air inside the GLIDES vessel, N, is calcu-
lated by

N =
Mair

28.965
(1)

Mair is the mass of air in GLIDES and is calculated from the
initial gas properties. For simplicity, it is assumed that the tem-
perature of the waste heat is constant in the heat exchanger. The
maximum heat that can be transferred to the circulated GLIDES
water can then be calculated by

Qi
max =−1 · ṁ ·∆t ·Cw · (T i

wo− (TWH −10)) (2)
Where ∆t is the simulation time step with index i, ṁ is the

mass flowrate of the circulated (spray) GLIDES water, TWH is the
temperature of the waste heat, T i

wo is the temperature of water at
the outlet (bottom) of GLIDES vessel, and Cw is the specific heat
of the water. Actual absorbed heat by water flow Qi

WH should
be bounded by Qi

WH ≤ Qi
max The temperature of the spray T i

top
entering into the top of the GLIDES vessel is calculated by

T i
top =

Qi
WH

ṁ ·∆t ·Cw
+T i

wo (3)

The temperature of the spray T i
bot right before it reaches the

water inside the GLIDES vessels is calculated by eq. (4). We
define α ∝ ha · m

ρ
·La as a coefficient. ha is heat transfer constant

between air and sprayed water, m
ρ

is the volume of sprayed water.
La is the distance sprayed water traveled before it reaches water
surface in vessel. T i

air is air temperature inside GLIDES.
T i

bot = T i−1
air +α · (T i

top−T i
air) (4)

Then the heat Qi
air transferred to the air of GLIDES can be

calculated by eq. (5), and air temperature T i
air is updated by the

first law in eq. (6). Pi and V i are pressure and volume of air in
GLIDES, respectively. Qi

aw and Qi
ao are heat transfer from the

air inside GLIDES to water inside GLIDES and to ambient air
outside of GLIDES, which can be calculated by eq. (7) and (8),
respectively. T i

wo is the temperature of the water inside GLIDES.
Cv is the specific heat of air. Uaw and Uao are heat transfer con-
stant, Aaw and Ai

ao are the contact areas.
Qi

air = ṁ ·∆t ·Cw · (T i
top−T i

bot) (5)
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T i
air =

Qi
air−Pi−1 · (V i−V i−1)−Qi

aw−Qi
ao

Mair ·Cv
+T i−1

air (6)

Qi
aw =Uaw ·Aaw · (T i

air−T i
wo) (7)

Qi
ao =Uao ·Aao · (T i

air−Tamb) (8)

Redlich-Kwong equation of state is then used to update the
air pressure inside the vessel; see eq. (9) and (10) where Vm is
the molar volume of air inside the vessel.

Pi =
8314 ·T i

air
Vm−0.02541

− 15.989

Vm · (Vm +0.02541) ·
√

T i
air

(9)

Vm =
V i

N
(10)

At last, temperature of water inside GLIDES is updated by
eq. (11). Mi

w is the mass of water inside GLIDES.

T i+1
wo =

Mi
w ·T i

wo + ṁ ·∆t ·T i
bot

Mi
w + ṁ ·∆t

+
Qi

aw

Mi
w ·Cw

− Qi
wo

Mi
w ·Cw

(11)

Qi
wo is the heat transfer from water inside GLIDES to ambi-

ent air outside of GLIDES, which can be calculated by eq. (12),
Where Uwo is heat transfer constant, Ai

wo is the contact area.
Qi

wo =Uwo ·Ai
wo · (T i

wo−Tamb) (12)

Since the charging process could be treated as an isothermal
process by using water spray charging, only discharging is con-
sidered here. Parameter settings for the simulation are: ∆t =1s,
Tamb=298.15 °K, TWH=343.15 °K, Cw=4.180 kJ/kg·k, Cv=0.717
kJ/kg·k, Mair=46.745 kg, ṁ = 0.2 kg/s, ṁdis=0.583 kg/s,
Uaw=0.01 kW/m2·k, Uao=0.005 kW/m2·k, Uwo=0.18 kW/m2·k.
The radius of the pressure vessel r=0.252 m, the height of the
pressure vessel L=2.5 m. Initial air volume is 0.3125 m3, and
initial air pressure is 128 bar. The initial air and water tempera-
ture are 298.15 °K. The thickness of the pressure vessel wall is
0.02 m. Finally, the maximum allowable air pressure is 132 bar,
and the minimum air pressure is 77 bar. The results of the simu-
lation using the above parameters are shown in Figure 3, Figure
4, and Figure 5. Figure 3 shows the pressure-volume and the air
temperature during the discharging process with additional waste
heat. The air temperature initially increases rapidly from room
temperature and then slowly approaches 55 °C. Meanwhile, the
air pressure increases initially then slowly decreases as water is
discharged from the vessel. To compare the pressure-volume re-
lationship with and without waste heat, Figure 4 is plotted. As
shown in Figure 4, without waste heat, the air temperature drops
to about 16 °C, mostly due to the boundary work. The area be-
tween the two air pressure curves is the additional electricity
work converted from added thermal energy. After the water in
the GLIDES, the vessel is fully discharged, the heat transfer with
ambient dominates. In Figure 5, the air pressure, air temperature,
and water temperature are all plotted for the full discharging and
the following idle time are plotted against elapsed time.

FIGURE 3: Air pressure-volume diagram with waste heat (WH)

FIGURE 4: Pressure-volume comparison with/without waste
heat

FIGURE 5: Transient pressure and temperature inside vessel
with waste heat
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3. Power Augmentation of GLIDES
Besides the simplified simulation on demonstrating its waste

heat integration ability, an optimization model is developed in
this section for power augmented operation of GLIDES. A build-
ing application is considered here for illustration purposes and
the thermal energy from CCHP system is used as heat input
source for GLIDES. It is assumed the building is equipped with a
solar panel, CCHP system, thermal energy storage and GLIDES
electricity storage. The overall scheme of considered building
energy system is shown in Figure 6. A typical CCHP usually
consists of a power generation unit (PGU) producing electric-
ity, a heat recovery system coupled with PGU to recover waste
thermal energy, an auxiliary boiler to compensate the shortage of
thermal energy, an absorption chiller and a heating exchanger as
cooling and heating components [6] [25]. All the variables and
parameters defined in the proposed operation model are summa-
rized in Table 1 and Table 2.

LTM

LTM

LTM

LTM

CCHP

GM23

GM24

WEM

PV

GLIDES

Thermal 

Energy 

Storage

Building Energy System

Generating ModuleStorage Module

Boiler

Electricity 

Load

 Heating 

Load

Load Module

Power Generation Unit

Electricity flow Thermal energy flow

CCHP

Power Grid

Heating 

Component

FIGURE 6: Overall scheme and energy flow in a smart building
equipped with GLIDES

The objective of thermal-electricity coupled optimization
model is to minimize the total operation cost (OC) of a smart
building in one day, which consists of electricity purchasing cost,
electricity selling profit and fuel cost in Eq.(13).

minOC = ∑t(ebt ·Pbt − est ·Pst)+( f Pt + f Bt) ·P ft (13)
Electricity load is balanced in Eq.(14), where PGU power

generation, purchased electricity, solar power, electricity dis-
charged from GLIDES are at left hand, and sold electricity to
power grid, charged electricity are at right hand side with elec-
tricity demand.

eut + ebt + ert + edt = ELt + est + ect (14)
Solar power generation directly depends on solar panel area,

radiation level and generating efficiency, which can be estimated

TABLE 1: Parameter notations for the operation model

t,∆t Index for time step, period length (15 minutes)

Pb,Ps,P f Electricity purchasing, selling price, fuel price

EL,HL Electricity demand, heating load

SP,SB Size of PGU, boiler in CCHP

a,b Fuel-to-electricity conversion coefficient of PGU

SR,Solt Size of solar panel, solar radiation level

ST,SV Size of thermal storage, pressure vessel of GLIDES

Q0,V0,P0 Initial thermal level, initial liquid, pressure level

V ,V Minimum, maximum liquid volume level in GLIDES

θ c,θ d Min coef. of charging, discharging of thermal storage

θ c,θ d Max coef. of charging, discharging of thermal storage

αc,αd Min coefficient of charging, discharging of GLIDES

αc,αd Max coefficient of charging, discharging of GLIDES

ηU ,ηO Thermal generating efficiency of PGU, boiler

ηQ,ηH Efficiency of thermal storage, heating component

ηP,ηM Efficiency of pump, motor of GLIDES

ηT ,ηG Efficiency of hydro turbine, generator of GLIDES

in Eq.(15).
ert ≤ SR ·Solt ·ηV ·∆t (15)

Fuel consumed by boiler and PGU in the CCHP are limited
by their maximum capacities in Eq.(16) and Eq.(17). Electricity
generated by PGU is calculated based on the fuel it consumes
and its fuel-to-electricity conversion coefficient in Eq.(18).

f Bt ≤ SB (16)
f Pt ≤ xUt ·SP (17)

eut ≤ ( f Pt −b · xUt)/a (18)
In Eq.(19), at right side, thermal energy generated by boiler

and waste heat recovered from PGU when generating power are
then provided to heating component instantly or stored in ther-
mal storage for later use or absorbed by GLIDES to augment its
power generation. Heating load are then satisfied in Eq.(20).

qPHt +qPSt +qWHt ≤ ηU · f Pt +ηO · f Bt (19)
(qPHt +qSHt) ·ηH = HLt (20)

Operating constraints for thermal energy storage are from
Eq.(21) to Eq.(26). Stored thermal energy level is determined
by charging/discharging activities in Eq.(23). Charging rate is
limited by available thermal energy from CCHP in Eq.(24), and
discharging rate determines the thermal energy transferred from
thermal storage to heating components in Eq.(25). Meanwhile,
thermal energy level at the end time step qST is required to be
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TABLE 2: Variable notations for the operation model

eb,es Purchased electricity, sold electricity amount

f P, f B Fuel consumed by PGU, by boiler in CCHP

er,eu Solar power, power generation by PGU

qPH,qPS Thermal from CCHP to heating component, to storage

qSH Thermal from storage to heating component

qWH,q Available heat for GLIDES, absorbed heat by GLIDES

ec,ed Electricity charged to, discharged from GLIDES

xu,qS ON/OFF status of PGU, thermal storage energy level

qc,qd Charging, discharging rate of thermal storage

xc,xd Binary charging, discharging of thermal storage

vc,vd Charging, discharging volumetric flow rate of GLIDES

v, p Liquid volume level, air pressure level in GLIDES

xp,xg Binary status of pumping, generating mode of GLIDES

equal as initial level Q0.
xct + xdt ≤ 1 (21)

qSt ≤ ST (22)
qSt −qSt−1 = (qct −qdt) ·∆t (23)

ST ·θ c · xct ≤ qct ≤ qBSt ·ηQ ≤ ST ·θ c · xct (24)
ST ·θ d · xdt ≤ qSHt/ηQ ≤ qdt ≤ ST ·θ d · xdt (25)

qST = Q0 (26)
Constraints for the liquid volume control in GLIDES are for-

mulated in Eq.(27) – (32). The liquid volume level should be
kept between the permitted lowest level and its maximum level
in Eq.(28) and is determined by charging/discharging activities
in Eq.(29). The volumetric flow rate in charging and in discharg-
ing the process cannot exceed the range of the lowest and high-
est levels in Eq.(30)-(31). Meanwhile, liquid volume level in the
vessel at last time step vT is required to be same as initial level
V0.

xpt + xgt ≤ 1 (27)
V ≤ vt ≤V (28)

vt − vt−1 = vct − vdt (29)
xpt ·∆t ·αc ·V ≤ vct ≤ xpt ·∆t ·αc ·V (30)
xgt ·∆t ·αd ·V ≤ vct ≤ xgt ·∆t ·αd ·V (31)

vT =V0 (32)
The liquid-to-power constraints are in Eq.(33)-(34) where

the flow power generation is determined by its liquid flow rate
and head pressure.

ect ·ηP ·ηM = vct · pt ·1/3600 (33)
edt = ηT ·ηG · vdt · pt ·1/3600 (34)

Constraints related to external thermal energy in Eq.(35)-
(38) are based on the developed simplified simulation model

in Section 2.2. qt is the thermal energy absorbed by air inside
GLIDES. The maximum available thermal energy QWH is calcu-
lated by Eq.(2). Since we only consider adding waste heat during
discharging, qt = 0 if xgt = 0. To further reduce the computa-
tional burden of operation model, water temperature in GLIDES
is approximately treated as constant room temperature 25 ◦C and
the heat transfer is neglected, then Eq.(36) is transformed based
on Eq.(6) in the simplified simulation model, Tamb is a constant
room temperature, Tair,t is air temperature inside GLIDES which
is also a variable in optimization model with initial room tem-
perature. Mair is the mass of air in GLIDES. Cv is the specific
heat of air. Eq.(37)-(38) are adopted from Eq.(9) - (10) in the
simplified simulation model. N is the number of moles of the air
inside GLIDES. Vm,t is the molar volume of the air. Meanwhile,
the air temperature inside vessel of GLIDES at the end of oper-
ation Tair,T is also required to be same as room temperature by
Eq.(39). Note that, the index i in simplified simulation model is
1 second sampling step, and the time index t in operation model
here is a 15 minutes decision period.

qt ≤ xgt ·min{qWHt ,QWH} (35)

Tair,t = xpt · (Tamb−Tair,t−1)+Tair,t−1 +
qt − pt−1 · vdt

Mair ·Cv
(36)

Vm,t =
SV − vt

N
(37)

pt =
8314 ·Tair,t

Vm,t −0.02541
− 15.989

Vm,t · (Vm,t +0.02541) ·
√

Tair,t
(38)

Tair,T = 298.15(K) (39)

4. NUMERICAL EXPERIMENTS
Based on the proposed operation model, three case studies

are designed in this section to optimize the coupled thermal-
electricity operation, and explore the pressure-volume relation-
ship of GLIDES system with or without additional thermal en-
ergy. For the sake of simplicity, the temperature of thermal en-
ergy provided by CCHP and thermal energy storage is assumed
as 353.15 K (80 ◦C) for all experiments.

• Case 1: No thermal energy or heat is allowed to be utilized
by GLIDES storage.

• Case 2: Thermal energy is limited for GLIDES, and is pro-
vided based on coordinated operation of CCHP and thermal
energy storage.

• Case 3: Thermal energy is assumed to be unlimited for
GLIDES.

For the GLIDES system, one pressure vessel with 10 kW
rated power and 8 hours of storage time is assumed here. Given
the power and energy capacity, allowable pressure range, the re-
quired storage volume and maximum liquid volume in pressure
vessel can be derived [20]. The detailed parameter settings of
GLIDES are listed in Table 3. Besides GLIDES, the parameters
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(e.g. capacity, efficiency) of other energy systems for studied
building are listed in Table 4. Prices in Figure 7 including elec-
tricity purchasing price, selling price ($0.00367/kWh) and fuel
price ($0.027/kWh) are obtained from Ref [25]. In Figure 8,
15-minute electricity and thermal load is scaled based on smart
meter data of a residential building in a typical January day [21],
solar radiation data for the same location is also adopted [26].

TABLE 3: Parameter settings for the GLIDES system

Parameter P (kpa) P V (m3) V SV V0 P0

Value 13000 7000 35.897 0 89.072 17.948 8766.498

Parameter ηP,ηM ηT ,ηG αc,αd αc,αd − − −

Value 0.9,0.9 0.9,0.9 0.25 0.083 − − −

TABLE 4: Parameter settings for other energy systems

Parameter SR (m2) SP (kW) SB (kW) ST (kW) ηV ηU ηO

Value 7.5 50 50 50 0.25 0.51 0.9

Parameter ηQ ηH θ c,θ d θ c,θ d a b Q0

Value 0.8 0.85 0.25, 0.25 0.05, 0.05 2.97 11.66 10

 E l e c .  p u r c h a s i n g  p r i c e
 E l e c .  s e l l i n g  p r i c e
 F u e l  p r i c e

0 2 4 6 8 1 0 1 2 1 4 1 6 1 8 2 0 2 2 2 4

0 . 0 5
0 . 1 0
0 . 1 5
0 . 2 0
0 . 2 5
0 . 3 0

$/k
Wh

H o u r

FIGURE 7: Electricity purchasing, selling prices and fuel price

Since thermal energy is not allowed as input for GLIDES in
case 1, the added heat is therefore 0 in Figure 9. At beginning,
liquid is continuously pumped into pressure vessel of GLIDES
system in the charging process between hour 1-9 which are non-
peak price hours in Figure 7. Accordingly, air pressure increases
along with rising liquid level in the vessel. However, air temper-
ature inside vessel stays the same in the charging process. This
is because liquid (eq. water here) has larger thermal capacity and

 E l e c .  d e m a n d
 T h e r m a l  l o a d
 S o l a r  p o w e r

0 2 4 6 8 1 0 1 2 1 4 1 6 1 8 2 0 2 2 2 4
0
5

1 0
1 5
2 0
2 5
3 0
3 5

kW

H o u r

FIGURE 8: Electricity demand, thermal loads and available
solar power

its temperature remains almost constant as initial room tempera-
ture 25 ◦C. Thus, the cooler water spray charging from the top of
vessel by second circulation pump prevents air temperature from
rising and keeps the charging process as isothermal process, as
explained in Section 2.1. Then, in electricity price peak around
hour 10-20, liquid level in Figure 9 shows GLIDES discharged
for most of the time to satisfy electricity load. In the discharg-
ing process, gas expands along with falling liquid level and air
temperature start to drop below ambient temperature due to the
boundary work. Air temperature dropping speed depends on liq-
uid discharging speed, for instance, it drops rapidly to as low as
8 ◦C around hour 18 and similarly, it is then rewarmed quickly
by now warmer water spray (25 ◦C) charging from top in next
time step (15 minutes). Note that, the liquid level inside vessel at
the end of operation is required to be equal to initial level for all
cases, and the final operating cost is $15.5 under case 1.

 L i q u i d  v o l u m e  ( m 3 )
 A i r  p r e s s u r e  ( k P a )
 A i r  t e m p e r a t u r e  ( ° C )
 H e a t  a d d e d  ( k W )

0 2 4 6 8 1 0 1 2 1 4 1 6 1 8 2 0 2 2 2 4
1 2
1 6
2 0
2 4
2 8
3 2
3 6

9
H o u r

H y d r o p n e u m a t i c  s t a t u s  i n  p r e s s u r e  v e s s e l  f o r  c a s e  1

8 0 0 0
9 0 0 0

1 0 0 0 0
1 1 0 0 0
1 2 0 0 0

1 0
1 5
2 0
2 5
3 0
3 5
4 0

0
1
2
3
4
5

FIGURE 9: Hydropenumatic status in GLIDES vessel for study
case 1

In case 2, thermal energy could be provided to GLIDES
from CCHP and thermal storage. The charging/discharging pat-
tern shown by liquid volume level in Figure 10 is similar to case
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1 but without several idle periods in Figure 9, and GLIDES is
fully discharged to zero around hour 20. It is interesting that ad-
ditional heat is added to GLIDES only in discharging process and
just enough to make discharging process also a isothermal pro-
cess (constant air temperature in Figure 10) as charging, which
means, the work loss in non-isothermal expansion is compen-
sated additional thermal energy. The operating cost with limited
thermal energy in case 2 is $14.9, about a moderate 3.8% im-
provement on the comparing with case 1.

 L i q u i d  v o l u m e  ( m 3 )
 A i r  p r e s s u r e  ( k P a )
 A i r  t e m p e r a t u r e  ( ° C )
 H e a t  a d d e d  ( k W )

0 2 4 6 8 1 0 1 2 1 4 1 6 1 8 2 0 2 2 2 40
4
8

1 2
1 6
2 0
2 4
2 8
3 2
3 6 H y d r o p n e u m a t i c  s t a t u s  i n  p r e s s u r e  v e s s e l  f o r  c a s e  2

H o u r
6 0 0 0

8 0 0 0

1 0 0 0 0

1 2 0 0 0

2 2

2 4

2 6

2 8

0
4
8
1 2
1 6
2 0
2 4

FIGURE 10: Hydropenumatic status in GLIDES vessel for
study case 2

For an ideal case 3, heat is assumed to be always available
for GLIDES and not depends on CCHP and thermal storage.
With the same discharging liquid flow rate, the power generation
amount of GLIDES could be boosted indicated by the liquid-to-
power generation Eq.(33)-(34). In the three obvious spikes on
“Heat added” curve in Figure 11, the strategy is upraise pressure
to a high level by adding heat for a short time period, it will then
generate needed power with a very small discharging flow rate
and thus preserve more liquid level for later use. Subsequently,
in the electricity price peak hours or the long discharging process
around hour 10-20, heat is added continuously to boost power
generation. With additional heat, it is shown that pressure drops
much slower in case 3 than case 1 and case 2 at same liquid level.
For instance, air pressure is around 8,000 kPa in case 3 at hour 20
where liquid level is almost zero, whereas for the same situation
in case 2, the pressure is around minimum level 7,000 kPa when
liquid is fully discharged out. The steep dropping of air temper-
ature around hour 5, hour 7, and hour 21 are mostly due to the
spray charging from top of vessel by circulating constant room
temperature water from bottom of the vessel. The water body re-
mains almost constant temperature 25 ◦C as explained before and
is now much cooler than air, which will cool down air rapidly.
The operating cost is $13.5 in case 3, about 12.9% improvement
comparing with case 1.

Thermal energy level in thermal storage are shown in Figure
12 for all cases. It is seen that thermal storage stays idle all the

 L i q u i d  v o l u m e  ( m 3 )
 A i r  p r e s s u r e  ( k P a )

0 2 4 6 8 1 0 1 2 1 4 1 6 1 8 2 0 2 2 2 4
0
4
8

1 2
1 6
2 0
2 4
2 8
3 2
3 6

H o u r
6 0 0 0

7 5 0 0

9 0 0 0

1 0 5 0 0

1 2 0 0 0

1 3 5 0 0

2 5
3 0
3 5
4 0
4 5
5 0
5 5
6 0
6 5
7 0

 A i r  t e m p e r a t u r e  ( ° C )
 H e a t  a d d e d  ( k W )

H y d r o p n e u m a t i c  s t a t u s  i n  p r e s s u r e  v e s s e l  f o r  c a s e  3

0
1 0
2 0
3 0
4 0
5 0
6 0
7 0
8 0
9 0

FIGURE 11: Hydropenumatic status in GLIDES vessel for
study case 3

 T h e r m a l  s t o r a g e  l e v e l  f o r  c a s e  1
 T h e r m a l  s t o r a g e  l e v e l  f o r  c a s e  2
 T h e r m a l  s t o r a g e  l e v e l  f o r  c a s e  3

0 2 4 6 8 1 0 1 2 1 4 1 6 1 8 2 0 2 2 2 4
0
2
4
6
8

1 0

kW

H o u r
FIGURE 12: Stored thermal energy level in thermal storage for

studied cases

time in case 1, this is mainly because GLIDES is not allowed to
utilize heat and thermal load could be directly satisfied by heat
generated from boiler and PGU. Overall, in case 1, it is not cost
efficient to use thermal storage due to its efficiency loss in the
operating cycle. On the other hand, Thermal storage has sim-
ilar storage level pattern for at case 2 and case 3 in Figure 12,
where it if fully discharged at the beginning to satisfy the rela-
tively higher thermal load before hour 6 in Figure 8. Then CCHP
starts to generate more heat, part of it is added to GLIDES shown
by “Heat added” curve in Figure 10 and Figure 11, another part
is used to recharge thermal energy to initial storage level.

5. CONCLUSION
In this research, the ability of GLIDES in utilizing avail-

able heat source in discharging process to augment power gener-
ation is mainly focused. After reviewing several configurations
and its efficiency improvement from detailed simulations in our
previous research, a simplified simulation model is developed
for the purpose of being able to integrate with operation model
later. The coupled air pressure, air temperature and water tem-
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perature inside pressure vessel are then simulated and compared
with/without heat source in a full discharging process. Based on
a smart building application, the operation model of GLIDES in-
corporating heat input from CCHP and thermal energy storage is
built and the results are illustrated for three designed study cases.
It is shown that, in coordinated operation, GLIDES tends to just
compensate gas thermal loss by optimally control heat input and
make the whole operation as isothermal process, a cost saving
percentage 3.8% is observed for one day operation. While heat
source is unlimited, it can be used to boot air pressure instead of
discharging more liquid volume for the same amount of power
generation. This is beneficial in preserving liquid volume peak
demand and maximum cost saving percentage 12.9% is reached
in this case.
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