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SUMMARY

The objective of this thesis is to study and compare different plant layouts for the fulfill-
ment of the energy needs of an hospital facility located in Chicago, IL. A cogeneration and
a trigeneration plant, driven by a gas turbine, were modeled and analyzed using a simulation
software called eQuest® (QUick Energy Simulation Tool). In particular, the benefits of the
introduction of a hot thermal storage system was evaluated and discussed.

Partial improvements to the ASHRAE Standard 90.1-2004 ([6] [7]) prototype hospital model
were introduced in order to guarantee the achievement of the required design conditions, en-
abling every section of the structure to reach the intended temperature.

An upgrade of the eQuest® model describing the gas turbine was introduced. In particular,
the new model brought an improvement in the efficiency of the equipment at partial load condi-
tions. Various turbine sizes were studied (from 600 kW to 1,300 kW) in terms of energy output
and wasted products. Among various performance parameters, the percentage reduction in
source energy consumption (PRSEC) was considered for the optimal sizing of the plant, since
it was the one better describing the overall performance of the system. In the cogeneration
system, the highest value of PRSEC reached 19.0%, resulted from the operation of a 700 kW
turbine. This system enabled a better utilization of the source energy compared to a tradi-
tional separated generation system, in particular, it permitted a reduction in the boiler’s fuel
consumption due to the exploitation of the heat coming from the exhaust gasses of the turbine.

Moreover a trigeneration plant was analyzed. In this second case, like in the previous, the

xi



SUMMARY (continued)

heating needs of the hospital were satisfied by the recovery of the heat coming from the prime
mover, in addition the cooling loads were partially fulfilled by an absorption chiller driven by
the exhaust gasses of the turbine. To guarantee the best accuracy of the results, an improve-
ment in the absorption chiller model was implemented starting from the technical sheet of the
Millennium YIA ™ manufactured by YORK ® [4] [18] [19]. The same turbine sizes considered
in the cogeneration plant were investigated. It emerged that a 800 kW gas turbine was able to
reach the highest value of PRSEC of 22.7%. Major improvements in the performance resulted
in a lower electricity consumption and electricity peak demand. Furthermore, especially during
warmer months, the introduction of the absorption chiller guaranteed a better usage of the
waste heat deriving from the turbine.

To conclude the analysis, the effects of the introduction of a hot thermal storage were
evaluated in both types of plant’s layouts. A fully mixed water tank model was created and
implemented in eQuest® starting from the information provided by Advance Tank, Co. [29].
Various capacities were studied ranging from 11,800 gal to 53,000 gal. For both types of plant
a feasibility study and an optimal sizing procedure was elaborated.

In the cogeneration system, a 14,000 gal tank paired to a 700 kW turbine enabled to reach
a value of PRSEC of 20.3%, resulting in an improvement of 1.3% compared to the case of
a cogeneration plant without storage. The major benefit introduced by the use of the tank
resulted in lower boiler’s fuel consumption due to an increment of the recovered heat used for
heating purposes.

Much more evident were the benefits brought by the thermal storage in the case of a tri-
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SUMMARY (continued)

generation layout. In fact, it resulted in an increase of the size of the prime mover compared
to the original layout (from 800 kW to 900 kW). In particular, a reduction in overall electricity
consumption and total fuel consumption was observed. These benefits must be attributed to a
higher availability of recovered heat, which also resulted in a more extensive use of the absorp-
tion chiller. A 39,500 gal tank coupled to a 900 kW turbine allowed to have a 25.1% PRSEC,

2.4% higher than a 800 kW trigeneration plant.
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CHAPTER 1

THE HOSPITAL

This thesis presents several technological solutions in order to satisfy the energy loads of a
health care facility located in Chicago, IL.

Fours different solutions are analyzed and compared:

Cogeneration system;

Trigeneration system:;
e Cogenearation system with a thermal energy storage option;

e Trigeneration system with a thermal energy storage option.

Every system is compared to the base model of the hospital, in order to understand its ad-
vantages in terms of efficiency and overall energy consumption. In this initial chapter, the
definition of the base model will be given, together with the profile of the energy load requested
by the facility.

Hospitals, unlike other commercial buildings, are characterized by a continuous request of
electrical and thermal energy: 7 days a week, 24 hours a day. This, together with the relatively
high and prolonged loads, makes their energy consumption 2.5 times higher than average com-
mercial building of the same size [1].

Furthermore, health care facilities are classified as Critical Infrastructure (CI). The CI are

those networks, assets and facilities which, if not properly operated, could result in a dramatic

1



negative impact on the national security, economic or public health safety [2]. This means
that the uninterrupted supply of electricity assumes vital importance in order to prevent the
occurrence of tragic scenarios.

Engineers during the past years have worked to find alternative and more reliable solu-
tions compared to the purchase of the electricity from the grid. Hence, the development of
on-site power production has experienced substantial improvements. Cogeneration and trigen-
eration systems have become more trustworthy and efficient, thanks to the adoption of newer

technologies (fuel-cells [3], absorption chillers [4], microturbine and organic rankine cycles [5]).

1.1 The Standard Adopted

The analysis of the health care facility has been conducted through the use of eQuest®, a
simulation software developed by the U.S. Department of Energy (DOE). The model prototype
for the hospital is the result of the implementation on eQuest® of the design addressed by
the National Renewable Energy Laboratory (NREL). This model has already been validated in
previous works, and has undergone further improvements [4].

The guidelines for the definition of the prototype hospital are the result of DOE support to
the development of commercial building energy codes and standards. The Commercial Buildings
Group at NREL developed the model of the hospital and its technical support document under
the direction of the U.S. Department of Energy Building Technologies Program. The study was
meant to document the analysis performed and the resulting design guidance that will enable to
achieve energy savings of 50% over ASHRAE Standard 90.1-2004. This report also documents

in detail the modeling methods used to demonstrate that the design recommendations meet or



exceed the 50% energy savings goal [6].

ASHRAE Standard 90.1 (Energy Standard for Buildings Except Low-Rise Residential Build-
ings) is a US standard providing the minimum accepted requirements for the design of energy
efficient buildings. The analyzed building categories cover a wide range of buildings typologies
although there are some exemption, such as the low-rise residential buildings[7].

Starting from the ASHRAE Standard 90.1 and NREL data, the implementation of the
hospital model on eQuest® has been possible [6] [7].

The information for the correct simulation of the prototype facility include:

e Building internal layout description;

e Building shell description;

e Internal loads;

e Occupation and equipment schedules;

e Lighting schedules;

e Heating, ventilating and air conditioning information;

e Service water heating.

This prototype will be referred as the base model throughout the development of this study.

1.2 The Base Model

The base model has a total surface of 527,000 f¢* (49,000 m?). This surface is divided in
two main buildings: the hospital space (427,000 ft? divided into seven stories) and the medical

office building (MOB) (100,000 ft? divided into five stories). A 3D rendering of the hospital



TABLE I: MAIN PARAMETERS IN THE HOSPITAL LAYOUT.

Parameter Value

Total Area 527,000 ft> 48,960 m?
Hospital Space Area 427,000 ft> 39,670 m?
MOB Floor Area 100,000 ft*> 9,290 m?
Floor-to-Floor Height 10.00 ft 3.05m
Number of Floors - Hospital 7

Number of Floors - MOB 5

is illustrated in Figure 1. Table I summarizes the major parameters of the hospital’s layout.

The facility is located in Chicago, IL. The climate zone has been defined as 6A by ASHRAE
169-2006 (cold-humid climate) [8].

No standard information regarding the fenestration area was found, so a 40% fraction of
fenestration to gross wall area is assumed.

The frame of the prototype’s structure is made of steel, with an arrangement of the roof
with insulation above deck. All the spaces of the facility are considered to operate with the

same schedule:

e Hospital space 24/7;
e Medical office building from 7:00 am to 5:00 pm;

e Extended hours from 5:00 am to midnight.



Figure 1: 3D rendering of the prototype hospital.

Each room and space has its specific occupancy.

Base model heating, ventilation, and air conditioning (HVAC) equipment consists of central
air handling units, chillers, boilers, chilled and hot water air handling unit coils and terminal
units with hot water reheat coils, as shown in Figure 2. This configuration is specific for the base
model, the introduction of alternative technologies (e.g. cogeneration, trigeneration, thermal
storage) will be discussed in future chapters. Improvements to the prototype hospital were
introduced in previous works in order to fix some discrepancies between the data provided by
the thermostats in each space and their actual design temperature [4]. This issue derived from
the interaction of the thermal load with some default parameters in the eQuest® HVAC system
properties. In order to identify the areas affected by the temperature mismatch the structure
was divided in 9 spaces, characterized by the same conditions and managed by the same HVAC

system. The different spaces are listed as follows:
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Figure 2: Layout of the VAV HVAC system for the base model.

MOB - Medical office building, five stories building;

PT - Patient Tower, five stories (from third to seventh floor);
BLD3 - Building 3, two stories;

BLD4 - Building 4, two stories;

BLD5 - Building 5, one story;

BLD6 - Building 6, two stories;

BLD?7 - Building 7, three stories;

BLDS8 - Building 8, one story;



e BLD9 - Building 9, two stories (located below the PT).

The problem was easily solved by the introduction of the following upgrades:

e Introduction of pre-heat coils: in each of the variable air volume (VAV) HVAC systems,
pre-heat coils have been manually implemented. This allowed the proper operation of the
system especially in winter months, when the temperature of the air may drop below the

freezing point of water causing damages to the cold deck coils;

e Increase of the Reheat Delta T of the coils re-heat coils: to satisfy the requirement
about the inlet temperature of the supply air, the Reheat Delta T has been increased
from 30 °F to 50 °F[9]. This parameter represents the maximum increase in temperature

for supply air passing through the reheat coils;

e Increment of the sizing ratio: this parameter represents a multiplier of the program-
calculated values of air flow rate and coil size. This value has been modified from 1
to 1.15, resulting in an oversizing of 15% of the entire system. This final improvement
was applied only to those spaces that still had issues with the reaching of the proper

design conditions (PT, MOB, BLD4, BLD6, BLD7, and BLD9).

Thanks to these major improvements, the temperature in every space resulted equal to the

design one.

1.3 Energy Consumption Profiles

The layout of the base model plant is shown in Figure 3.
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Figure 3: Layout of the base model plant.

Three gas driven boilers are connected to the Space Heating Hot Water loop in order to

fulfill the space heating request of the facility. The Domestic Hot Water loop is connected to a

water heater, which is also driven by natural gas. On the other hand, the Chilled Water loop,

accountable for the cooling loads requested by the hospital, is driven by three electric chillers.



Hence, the need of a Condenser Water loop, to properly operate the electric chillers.

No power generator is modeled in the base model layout, therefore the electricity is with-
drawn directly from the grid. Furthermore, the thermal load is satisfied by the combustion of
natural gas.

The study of the consumption profiles has been accomplished through a detailed simulation
with eQuest®. The outputs were given on hourly, monthly or annual basis. The post process-
ing was of fundamental importance in order to understand the base model’s energy profiles and
compare them with the alternative systems developed in this thesis. A summary of the energy

consumption of the hospital is given in Table II.

TABLE II: ENERGY CONSUMPTION FOR THE BASE MODEL PROTOTYPE HOSPITAL.

Period Electric Thermal Consumption Thermal Consumption Fuel
Consumption [MWh] (Heat) [MBTU] (Cold) [MBTU] Consumption [MBTU]
January 774.5 6,105.1 117.1 7,402.5
February 699.8 5,401.5 115.4 6,521.2
March 775.3 4,813.7 119.8 5,812.3
April 773.4 3,069.0 198.3 3,634.8
May 860.3 2,101.4 1,550.4 2,708.1
June 916.1 1,791.8 2,967.6 2,157.7
July 1,016.7 1,799.6 4,002.6 2,232.4
August 1,014.0 1,758.3 3,956.8 2,227.1
September 861.3 1,746.2 2,011.2 2,223.9
October 808.4 2,183.5 417.8 2,877.5
November 740.8 3,382.9 116.2 4,609.8
December 774.6 5,670.6 118.5 6,960.3

ANNUAL 10,015.2 39,823.6 15,691.7 49,367.6
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1.3.1 Electric Consumption

The annual electric consumption on hourly bases is depicted in Figure 4.

2,0 +
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Figure 4: Annual electric consumption - base model.

It is possible to observe that, beside the daily fluctuation due to the occupancy of the

structure and the recurring usage of electric equipment, the electric consumption profile during

warmer months is significantly higher. This is caused by an increase of the cooling loads required
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by the facility, which relies on electric chillers. For a better perception of the monthly value of

electric consumption, Figure 5 was generated.
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Figure 5: Monthly electric consumption - base model.

Furthermore, a load duration curve was represented in Figure 6. This type of curve is
necessary to establish the magnitude of the peak load (2.0745 MW) and the number of hours
during which a certain load persists. It is particularly useful in the sizing of the generator: the

higher its capacity, the higher will be the number of hours it will work in partial load conditions.
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On the opposite, the lower its capacity, the greater will be the number of hours it will work in

full load conditions.

—— Electric Duration Curve|

2,0
< 1,54
=
o
®
3
L2
3 1,04
@
w

0,5+

0,0 T T T T

0 2000 4000 6000 8000

Hours [h]

Figure 6: Electric duration curve - base model.

1.3.2 Thermal Consumption

The heating thermal consumption of the health care facility is comprehensive of the hot

water requested by the Domestic Hot Water loop and by the Space Heating loop. The annual

profile is presented in Figure 7.
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Figure 7: Annual thermal consumption (heat) - base model.

It is noted that this profile presents the opposite trend compared to the annual electric
profile. The reason is the same as in the previous case. Obviously, the hot thermal consumption
reaches its maximum during colder months, in which the heating system works at full load in

order to satisfy the needs of the facility.
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Figure 8: Monthly thermal consumption (heat) - base model.

The monthly heating thermal loads are illustrated in Figure 8. Moreover, the thermal

duration curve is shown in Figure 9.
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Figure 9: Thermal duration curve (heat) - base model.

Looking at the annual cooling consumption (Figure 10) and at its monthly trend (Figure 11)

it is possible to understand the electric load profile.
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Figure 10: Annual thermal consumption (cold) - base model.
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Figure 11: Monthly thermal consumption (cold) - base model.
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1.3.3  Fuel Consumption

The analysis of the thermal load of the hospital has been addressed by a complementary
study of the fuel consumption. The main reason is that the amount of fuel burned, rather than
the heat request, takes into account the efficiency of the conversion system (e. g. gas boilers).
Furthermore, the fuel consumption takes into account the expenditure of other miscellaneous
equipment (e. g. laundry, kitchen) in addition to the hot water requested for space heating and
domestic use.

Therefore, the fuel consumption is affected not only by the request of heat, but also by the
efficiency of the equipment adopted in order to satisfy that demand.

This characteristic is of primary importance if comparing two diverse technical solutions,
with different component’s efficicencies.

In Figure 12 it is shown the annual fuel consumption.
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Figure 12: Annual fuel consumption - base model.

Certainly the fuel consumption assumes the same profile as the thermal load. The monthly

fuel consumption is represented in Figure 13.
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Figure 13: Monthly fuel consumption - base model.
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CHAPTER 2

THE GAS TURBINE

The gas turbine is a rotary mechanical device which produces mechanical energy through the
internal combustion of fuel. A detailed explanation of the working principle and performance
of this devices has been provided in this chapter. Furthermore, an improved eQuest® model
was elaborated starting from the study of currently available gas turbines.

This kind of technology has numerous applications, although the one analyzed in this work
refers to the production of electricity, in which the mechanical output produced by the turbine
is used by an electric generator.

In the past decades the employment of this technology in the power production industry
has drastically increased. Currently, the sizes available on the market range from 500 kW to
more than 300 MW. Smaller sizes can be found down to 25 kW, but they are referred to as
micro turbines [13].

Gas turbines can be used in different layouts: only-electricity production solutions, or more
complex generation plants in which the waste product can be successfully recovered in order to
satisfy other needs of the facility beside the electric one, or to produce extra power. Example
can be found in cogeneration systems, trigeneration systems, or combined cycle plants.

This diverse layouts will not affect the working principle of the gas turbine, which will
remain the same. In particular, cogeneration and trigeneration plants include an heat recovery

system in order to exploit the thermal energy of the exhaust gases produced by the turbine. If

20
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the plant is capable of directly producing heat together with electric power it will be referred
as combined heat and power (CHP), if it is also able to produce cold thermal energy it will
be referred as combined cooling heating and power (CCHP). A detailed explanation of these
technologies has been provided in Chapter 3 and Chapter 4, respectively.

On the other hand, the Combined Cycle Gas Turbines (CCGT) route the waste heat from
the gas turbine into a steam turbine to produce extra electric power. This configuration has
allowed this technology to reach electrical efficiencies of around 60%, much higher compared to
the ones of single cycle gas turbines, which remain close to 30%.

In the following section a detailed explanation of the working principle of this technology

has been given.

2.1 Cycle and Characteristic

The reference thermodynamic cycle for gas turbine is the Joule-Brayton cycle. In its ideal
form it’s composed of two isobaric (constant pressure) and two isentropic (constant entropy)
transformations, as shown in Figure 14. The Joule- Brayton cycle is performed using a
compressor, a combustion chamber, and an expansion turbine.

It is composed of four phases:

Isentropic compression;

e Isobaric heating;

Isentropic expansion;

Isobaric cooling.



Fuel

Y

Combustion

Air

AV\

Compressor

Y&

Chamber

/

_—

Work Out
Turbine 4€ '''''''

\

/
Exhaust
Gasses

Figure 14: Joule-Bryton thermodynamic cycle.
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The compressor increases the external air pressure to the feeding pressure of the combustion
chamber. The external air temperature is then raised up by the combustion process occurring
in the combustion chamber. The resulting fluid, which is the product of the combustion process
(exhaust gasses), enters the expansion turbine.

The expansion turbine shown in Figure 15 is divided into two elements. The first one is

the gas producer, where the mechanical power output drives the compressor. The second one

is the power turbine, whose power production drives the electric generator. Therefore, the
Fuel
Y
Air B | Combustion
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C
/ /
Compressor f======--------------4 GT1 f=——=1 GT2 fpr=z=-----4 GEIectrlc
enerator
\ \
D
y
GT1- Gas Producer Exhaust

GT2- Power Turbine Gasses

Figure 15: Gas turbine layout.

expansion work of the exhaust gases is transformed into shaft work. The produced shaft work



24

is necessary to move the electric generator, as well as to drive the compressor. Once the fluid
has completed the expansion process, it is brought back to atmospheric conditions.
The aforementioned Joule-Bryton cycle is the ideal one, which means that the following

assumptions were considered:

e Closed cycle: the mass flow rate is constant through every component;
e The fluid considered is a perfect gas, specific heat (c,) is constant;
e Ideal components, no irreversible transformations;

e No heat loss towards the external environment.

For the purpose of this work it was considered sufficient the analysis of the ideal cycle. The
objective was the proper understanding of which and how the thermodynamic parameters
involved in the process influence the performance of the gas turbine. After the establishment
of relationships that drive the efficiency of this technology, actual gas turbine’s parameters will
be taken into account.

Further variations of the Joule-Bryton cycle have been developed during the years, each
aiming at some efficiency improvements (e. g. reheating strategies, intercooling strategies).
Although, the study of this alternatives goes beyond the development of a single stage gas
turbine model in eQuest®.

The efficiency of the ideal cycle shown in Figure 14, is calculated through the following
equation:

(2.1)
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e 1) Efficiency of the system;

Tp Outlet temperature of the exhaust from the power producer section of the turbine ;

Tc Inlet temperature of the exhaust in the gas generator section of the turbine;

p Pressure ratio of the turbine (p = p—c);

PD

e v Air specific heat ratio.

Looking at Equation 2.1, a direct dependence between the efficiency and the increase of the
temperature T is shown. T represents the absolute temperature of the exhaust gas at the inlet
of the turbine’s gas producer section. Consequently, it is obvious that one of the main challenges
in increasing the performance of these devices has been connected to the need of operating the
turbine at the highest possible temperature. The main constraints are connected to the reliance
of the blade material, which has to be capable to tolerate the high temperatures. By increasing
both, the gas temperature at the gas producer inlet, and the pressure ratio of the equipment, it is
possible to improve the efficiency. Therefore, the trend adopted by manufacturers in enhancing
performance has been in the direction of increasing both temperatures and pressures.

Another important information can be obtained analyzing Equation 2.1. Gas turbines off-
design operation, and thus power output management, is obtained by reducing the amount of
fuel burnt in the combustion chamber. This management strategy has a direct effect on the
inlet temperature of gases in the expansion turbine and thus on the values of the efficiency
achievable during partial load operation. This information will represent an important factor

when choosing the proper turbine size during the design phase of the energy production plant.
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Oversizing the gas turbine will result in undesired effects, if this choice implies the need to run

the equipment at partial load for a considerable number of hours per year.

2.2 Partial Load Operations

In some cases, the user has the necessity of adjusting the output power produced by the gas
turbine. This is obtained by reducing the fuel flow entering the combustion chamber, which
represents the quantity of heat that enters the process from point B to point C' (Figure 14).
This fuel reduction results in a decrease in temperature of the inlet gas in the expansion turbine
(T¢). Since the temperature of the inlet gas in the expansion turbine is directly proportional
to the work produced by the expansion turbine, a reduction of T leads to a lower amount of
work output.

Under the simplifying assumption of an ideal machinery, the expression of the output power
produced by the gas turbine is presented by the following equation (the adopted notation refers

to Figure 14):

P=(GatGy) -l — Ga-le (2.2)
:(GaJrGf)~Cp-(TC*TD)*Ga-Cp'(TB*TA): (2.3)

_ o\ o (BB 2
= (Ga+Gf) Cp Tc (1 - Tc> G, Cp Ta (TA 1) = (2.4)

= (Ga+Gy)cp Te- <1— (ig)l;w) —Ggaocp Ta- ((ﬁ)th) - (2.5)

= (Ga+Gy)cy-Te- (1 - (&)1%) —Ga-cp Ty ((56)7%1 - 1) - (2.6)
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= (Ga ) <(lza) o (1= 007 ) =1 (60 - 1)) 1)

e P Power output from the gas turbine;

l; Work produced by the gas turbine;

l. Work required by the compressor;

G, Air mass flow rate;

Gy Fuel mass flow rate;

¢p Specific heat (constant pressure);

e (3 Pressure ratio of the turbine (8, = p—c);
PD
. PB
e (. Pressure ratio of the compressor (8. = —);
pa

e v Air specific heat ratio;

e o Air to fuel ratio (a = =%).

Gy
It is possible to observe that a reduction of T lowers the power output of the turbine (P).
Unfortunately, as seen in Equation 2.1, a drop of T¢ also results in the worsening of the
system’s efficiency. Therefore, in partial load conditions the gas turbine has a poor performance
compared to the one at full load conditions.
Moreover, taking into account also environmental issues, the amount of pollutants emitted
by the gas turbine is generally increased at part load conditions. The effect is stronger when

the Partial Load Ratio (PLR), which is the ratio between the produced power to the design
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one, approaches half of the load and below. Figure 16 illustrates the percentage increase in

carbon monoxide (CO) emission when the gas turbine works in partial load conditions.
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Figure 16: Gas turbine performance - Percentage increase in CO emission vs Partial Load Ratio.

2.3 Modeling the Turbine in eQuest®

eQuest® needs a model to describe the behavior of the gas turbine and properly define the

power output and fuel consumption of the equipment during its operation in the framework of
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the cogeneration and trigeneration plant analyzed in Chapter 3 and Chapter 4.

In particular the software requires the definition of three curves:

e Heat input ratio in function of the partial load ratio;
e FExhaust heath recovery in function of the partial load ratio;

e (Capacity in function of the heat input ratio.

In the following sections, an improved model of these curves will be assessed. Starting from the
technical data given by SOLAR® . an up to date equipment has been created and implemented
in eQuest® [10] [11]. Previous efforts have produced a revision of the gas turbine model found
on eQuest® [4], although some basic information were found to be missing.

Problems were encountered in the definition of the Heat Input Ratio (HIR) over partial load
ratio curve, and in the effect of capacity over the HIR. In fact, a deep analysis of the output
provided by the software, has demonstrated that what is wrongly referred as the capacity
over heat input ratio curve, is actually the relationship describing the influence of external
temperature on the efficiency.

No additional improvements were made to the exhaust heat recovery curve, therefore the
standard eQuest® curve was maintained.

A detailed set of instructions regarding the modeling and upgrade of the gas turbine in

eQuest® has been attached in Appendix A.

2.3.1 Partial Load Ratio over Heat Input Ratio

The updated model has been created through the analysis of the technical data of the

Taurus™ 60 manufactured by SOLAR®. The Taurus™ 60 has been adopted despite its large
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capacity (5 MW), which is considered excessive for the need of the health care facility. The
main reason relies in the fact that this turbine represents the latest technology available on the
market, and has much better performances compared to smaller turbine such as the Saturn™
20 (1 MW).

Even though the Saturn™ 20 has a more suitable size for the application needed, its
efficiency is out of date compared to the present market standards. In Figure 17 it is possible
to see a comparison between the eQuest® model and the updated one, in terms of efficiency
over PLR [10] [11]. At full load condition the improved model approaches an efficiency of
around 30% while the previous one remains below 20%.

The PLR ranges between 10% to 100%: the lower limit is the result of manufacturer’s

prescription about the minimum required power output to safely operate the equipment.
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Figure 17: Gas turbine performance - Efficiency vs. Partial Load Ratio - SOLAR model.

Starting from the creation of this curve, the relationship between PLR and the HIR required
by eQuest® was easily calculated.

The definition of the partial load ratio is given by the following equation:

Power Currently Developed [Pc|

PLR =
Power at Full Load [Ppp]

= % Full Load (2.8)
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Moreover, the definition of the heat input ratio is given by:

HIR — Heat Currently Supplied _ % _ . P _ _ PLR (2.9)
Heat Supplied at Full Load % "FL Pry, - no L ne '

e ¢ Efficiency at current condition;

e 7y Efficiency at full load.

Combining the data obtained in Figure 17 with Equation 2.9 it is possible to obtain the values

of HIR in function of PLR, as shown in Figure 18.
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Figure 18: Gas turbine performance - Heat Input Ratio vs. Partial Load Ratio - comparison

between SOLAR model and eQuest model.

The software needs an input curve in the following form:

HIR =a+bx + cx? — = PLR (2.10)
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A new quadratic approximation (Equation 2.11) has been obtained through an interpolation
process of the experimental data in order to replace the standard eQuest®relationship (Equa-
tion 2.12).

HIR go1ar = 0.1728 + 0.7784 z + 0.0278 2> (2.11)

HIR cQuest = 0.443 4 0.3974 z + 0.1569 2 (2.12)

2.3.2 External Air Temperature over Capacity

To better describe the behavior of the gas turbine, the software requires also a model defin-
ing the relation between the external air temperature and the performance of the equipment.
As already mentioned, despite the fact that the software demands an input curve called capacity
in function of HIR, it actually wants a curve describing the influence of air temperature over
the capacity.

The external conditions, both in terms of pressure and temperature, associated to the op-
eration of a gas turbine have a strong influence on the produced power and also on the overall
efficiency. Because of the fixed installation of the equipment this study does not deal with the
effect of atmospheric pressure on the performance.

When an increase in the inlet air temperature occurs, both the produced power and the
efficiency of the equipment are negatively affected. The causes of this reduced performance are
linked with two main factors. The first factor is the reduction of the gas mass flow rate through
the equipment (this occurs because the density of air decrease when its temperature increases).

The second underlying factor for the efficiency drop is the increase of work per air mass unit
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required by the compressor. For a fixed pressure ratio of the compressor, the work required is
proportional to the inlet air temperature. Looking at Equation 2.7, it is possible to understand
how increasing T4, the net power output (P) decreases.

These effects have led to the establishment of fixed and widely accepted reference condi-
tions to evaluate gas turbine performances. The reference condition fixed by the International
Organization for Standards (ISO) consists of an outdoor pressure equal to the pressure at the
sea level (101.325 [Pa]) and an ambient temperature equal to 59 °F [12].

As an example of the correlation provided by the manufacturer, when the external tem-
perature reaches 100 °F, power output can be reduced to 90% of the power output estimated
following the ISO standard. On the other hand, by reducing the inlet temperature to about
50 °F, the net power output rises up to 105% of the power output estimated following the ISO
standard.

The comparison between the eQuest® default model and the SOLAR® one is shown in

Figure 19.
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Figure 19: Gas turbine performance - Capacity vs. External Air Temperature - comparison

between SOLAR model and eQuest model.

The trend of the eQuest® standard definition is steeper than the one of the improved model,

which has a less marked sensitivity to the changes of ambient conditions.

The software requires an equation in the following form:

Cap.% = a + b x — x = External Temperature (2.13)



37

An updated linear relationship is evaluated in Equation 2.14 in order to replace the standard

one existing in eQuest® (Equation 2.15).

Cap.% Solar = 114.6 — 0.24 & (2.14)

Cap.% eQuest = 124 —0.41 z (2.15)

The improved model of the gas turbine represents the foundation for the plant layouts developed

in Chapter 3 and Chapter 4, ensuring more realistic and accurate results.



CHAPTER 3

THE COMBINED HEAT AND POWER PLANT

The following chapter will provide a detailed characterization of the CHP technology, and
an efficiency analysis of this system related to the electrical and thermal loads of the health
care facility. Moreover, the introduction of a Thermal Energy Storage (TES) device will be
discussed in Section 5.4, including the potential energy savings and efficiency improvement this

equipment could bring to the plant.

3.1 Overview of the Technology

Combined heat and power systems are one of the most efficient solutions to generate elec-
tric power and simultaneously produce thermal energy using a single prime mover. While the
on-site power production aims to meet the electric load of the user, the heat released during
this process can be successfully exploited to satisfy the requested thermal energy. Industrial
applications such as factories with a large and steady thermal and electric loads are the main
focus of the CHP application and represent the largest share of installed capacity as of today.
However, commercial buildings, such as hospitals, universities, hotels, could benefit from this
technology since they need a considerable amount of hot water and heat.

Even if it is not the objective of this thesis to analyze each system based on its prime
mover, Table III provides a brief summary of the installed capacity across the United States

[13]. The classification of a CHP system can vary widely based on the kind of technologies
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TABLE III: SUMMARY OF INSTALLED CHP SITES AND CAPACITY BY PRIME MOVER
IN THE U.S.

Prime Mover Sites Share of Sites Capacity [MW] Share of Capacity
Reciprocating Engine 2,194 51.9% 2,288 22.7%

Gas Turbine 667 15.8% 53,320 64.0%
Boiler/Steam Turbine 734 17.4% 26,741 32.1%
Microturbine 355 8.4% 78 0.1%

Fuel Cell 155 3.7% 84 0.1%

Other 121 2.9% 806 1.0%

Total 4,226 100.0% 83,317 100.0%

being used in the system, although it is possible to identify some key components and features
that differentiate it from a traditional plant, as shown in Figure 20.

The main element is the prime mowver, which is the engine that converts chemical fuel into
mechanical energy to drive the generator, whose job is to transform mechanical energy to elec-
tric power. During the conversion process that takes place into the prime mover, the fuel is
burned (only in the case of heat engines) and heat is produced. Part of this heat is used for the
final electricity production, while the majority of it is exhausted from the process and needs to
be recovered. Through the Waste Heat Recovery System (WHRS) made of one or more heat
exchangers this waste heat is recycled and converted in order to satisfy the thermal loads of the

user. A set of equipment controls ensure that all the components function properly together.
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Figure 20: Scheme of a CHP system and overall efficiency.

As it is clear, the key factor that enables this technology to be so efficient and competitive on
the market is the proper recovery of the exhaust gasses which represent 60 to 80% of the energy
content of the burned fuel. In the case of a gas turbine, exhaust heat is commonly used as a
direct source for hot water production. In other applications, the recovered heat could be used
for the production of steam, with the help of a Heat Recovery Steam Generator (HRSG).
Some of the major direct benefits provided by the correct implementation of a CHP system
were provided in a report elaborated by a partnership between the U.S. Environmental Protec-
tion Agency (EPA) and the U.S. Department of Energy in 2017 [13]. These benefits are listed

as follows:
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e Efficiency benefits: CHP requires a lower quantity of fuel to produce a specific energy out-
put compared to a traditional system. Moreover, it avoids transmission and distribution

losses which occur when electric power travels along the grid;

e Environmental benefits: due to a lower amount of burned fuel, as well as the overall better
efficiency of the system, CHP has a reduced value of greenhouse gases emissions and other

air pollutants;

e Economic benefits: because of its enhanced performance, CHP can provide a valuable
solution in cost saving operations, as well as providing a protection against electricity

rate increase;

e Reliability benefits: CHP is an on-site generation resource and can be designed to support

continued operations in the event of a disaster or grid disruption.

3.1.1 Energy Fluxes Involved in the Process

In order to properly proceed with the description and analysis of the system, major impor-
tance is given to the definition of the energy fluxes throughout the process. A detailed scheme
of the system is provided in Figure 21.

During the conversion process that takes place in the prime mover the fuel is transformed
in mechanical energy, that will be converted into electrical energy by the generator. During
this operation part of the heat is inevitably lost towards the external environment. This flux is
called Wasted Heat and takes into account all those inefficiencies of the WHRS that wouldn’t

allow the complete recovery of the heat produced by the turbine. On the opposite, the amount
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Figure 21: Energy fluxes involved in the CHP system.
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of heat that can be exploited by the WHRS is called Recoverable Heat. This amount of thermal
energy is ideally available to meet the thermal load of the user, although, the actual quantity
of heat that can be used by the 