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Content

M
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Thermodynamic basics

— Definitions

— 1st law (energy conservation)
— 2nd law (entropy)

— EXxergy

Review of thermodynamic power cycles
— Rankine, Brayton, combined cycles, engines

Thermodynamic power cycles relevant for renewable energy applications

Review of thermodynamic heat pump and refrigeration cycles
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Learning outcomes

M

Understand and apply 1st and 2nd law of thermodynamics, and exergy
concept to various relevant systems and thermodynamics cycles

Apply theory to thermodynamic cycles relevant for renewable energy
sources
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Motivation

 Current global power production? [EA, World key energy statistics, 2020

2018

26 619 TWh

TWh Nuclear
30 000 /‘10'2%

Combined
steam and gas

Steam cycle

25000 + Hydro
20000 - 15.8%
15000 A
10 000 - Ol ___

29%

5000

_—Non-hydro
renewables

and waste?
9.8%

0 S e e e [ e ey e e e ey ey [y

1971 1975 1980 1985 1990 1995 2000 2005 2010 20152018

Fossil thermal Nuclear B Hydro Other renewables®

'excl. electricity generation from pumped hydro
2 incl. geothermal, solar, wind, heat, etc.
3 incl. peat and oil shales

https://webstore.iea.org/download/direct/4093?fileName=Key World Energy Statistics 2020.pdf
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Motivation

« Energy conversion systems overview

m ‘Traditional’ systems ‘Advanced’ (or ‘new’) systems

HEAT (low Heat pumps
temperature) Solar thermal
Combustion (fossil fuel, wood) ~ Cogeneration
HEAT (high Electrical Efficient clean combustion
temperature) Cogeneration
Concentrated solar thermal
MOBILITY Internal combustion engines High efficiency engines
Electrical (train, bus) Hybrid drives
Aviation turbines Fuel Cell vehicles, E-vehicles
Liquid biofuels
ELECTRICITY Fossil thermal (coal, gas) Optimised fossil & biomass power plants
Nuclear (PWR, BWR) Nuclear Generation-IV
Hydro (river, dams) Hydro (tidal, wave)

Solar (photovoltaics)
Solar (concentrated thermal)
Wind turbines

« Traditional and advanced rely on power cycles, traditional turbomachinery:
heat — mechanical energy — electricity

« Advanced heating applications rely on heat pumping cycles

=PrL
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Motivation

« Examples:
— Coal plant with
CO, capture

=PrL

COMBUSTION
CHAMBER

STEAM TURBINE

Electricity Pure CO,
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Absorber
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Flue gas
pretreatment

Flue Gas i ﬁ

14 - 80 MWe

Super
heater

| I
e — Steam ,‘,ﬂnﬂ
- generator
b=

Hot oil loop Preheater

Condenser v
-
.

Solar water-steam

loop

e
Cooling water loop
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Motivation

« Examples:
— Nuclear

=PrL

ed Fasl Reactor

GAS

it

Biomass-fired combined cycle:

District heating

| Gas at high
+. | pressure and
| temperature

High pressure air

Steam generator

-

Generator

HI

GAS

TURBINE 4
Ajr
intake

Cooler gas at lower
tempersture
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Motivation

« Examples:
— Enhanced geothermal system

Turbine
Water
° """ make-up

Condenser

HP turbine  generator LP turbine condensers CW piping

=PrL
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Energy and first law for closed systems

« Conservation of energy, first law of thermodynamics for closed systems:

AE = AU + APE + AKE = Q,, —\W,,

change in the ] net amount of energy net amount of energy
amount of energy transferred in across transferred out across
contained within system - system boundary by heat transfer - system boundary by work transfer
| during time interval | | during time interval 1L during time interval |

Work: W > 0 if work is done by the system
W < 0 if work is done on the system

° D |ffe rentlal form d E — 5Q . é\N Heat: O > 0 if heat is transferred fo the system

0O <0 if heat is transferred from the system at

. de . ..
 Time rate form: E:Q—W

M
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15t law for closed and open systems

M

T
N
-

Energy conservation for open systems:

AE =AU +APE +AKE =Q, -W, +E, —E_,

time rate of change
of the energy contained
within the control volume
attime t

net rate of energy
transferred in across
system boundary by heat transfer

at time t

net rate of energy
transfered into the
control volume

| accompanying mass flow |

net rate of energy
transferred out across
system boundary by work transfer
at time t
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15t law for open systems

« Energy conservation for open systems:
— Requires mass conservation:

d

(Ttw:zi:mi_ze:me

— Energy conservation:

2 2
dljfv =Q-W+> m, (ui +W7i+gzij—2me(ue+%+ gze]

2 2

dljlc:;v :QCV _V\'/CVJeriLhi +W7i+ gziJ—Zme(he+%+ gze)

M
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15t law for closed and open systems

« Energy conservation for open systems, applications:

— Nozzle, diffusor

2 2
h,+W—'=he+We
2 2

— Throttling valves

=PrL

Nozzle Diffuser

Partially open valve

Porous plug
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15t law for closed and open systems

« Energy conservation for open systems, applications:
— Turbine, compressor, pump, fan

GE, LM2500 gas turbine, ships, ca. 30 MW

— Heat exchanger

0= > mh- > mh

inlets:i outlets:]

=PrL
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Efficiency

M
]

1

Energy efficiency or performance measure can be introduced for single
components or complete systems

— Always need a proper definition!

— Indicates how well a energy conversion or transfer process is
accomplished

General:
desired output

Efficiency= ——
required input
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Efficiency

I Example - Efficiency of combustion devices:

Efficiency of combustion is the related to the heating value of a fuel, which is
the amount of heat released when a unit amount of fuel at room temperature is
completely burned and the combustion products are cooled to room
temperature.

« Combustion efficiency:

amount of heat released during combustion e g LV ke
Meombuston heating value of the fuel burned Hydrogen 14180 119,96
Methane 55.50 50.00
Q Ethane 51.90 47.80
= m Propane 50.35 46.35
Butane 49.50 45.75

Gasoline 4730 444

« Heating values (HV):

Kerosene 46.20 43.00

— High heating values (HHV): Diesel 4480 434
water is condensed (furnaces etc.) tnracite) 3250

— Low heating values (LHV): ool | 1500
water Is vapor (cars, jet engines, etc.) Wood 217

m
O
1
r
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Processes and Cycles

« Definitions:

— Process: special types of processes
Isothermal (T = constant)
Isobaric (p = constant)
Isochoric (v = constant)
Isentropic (s = constant) Combustion
Adiabatic (Q = 0)

— Cycle: Series of processes that return
system to initial state
E.g. 4-stroke engine

Cor

00

Intake — OTP ure ¥

M
v
r
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Energy for closed systems

* Cycle analysis:

E O Qcycle cycle
— Power cycles:
. = chcle —1— |Qout|
th o
Qin Qin

— Refrigeration and heat pump cycles:

COPcm — Qin — Qin
|\Ncycle |Qout | o Qin
cop = Qu _ [l —COP,_ +1

hm _
chcle |Qout | _ Qin

=PrL
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2nd J[aw of thermodynamics

M
1

It is impossible for a system to operate in such \ 0 Hot
a way that the sole result would be an energy | i r |
[T |
transfer by heat from a cooler to a hotter body. ves! kol par lg} No!
/¥ coa 30\
It iIs Impossible for any system to operate in a \ e $0use /
thermodynamic cycle and deliver a net amount
: : : .. No! | o> 11,
of energy by work to its surrounding while receiving :Q; y
energy by heat transfer from a single thermal reservoir. Syg;nge;g—oyn;

thermodynamic cycle

It is impossible for any system to operate in a way that entropy is
destroyed.

Q j >() 1rreversibilities
S2 - S1 = Z T_ +0 =0 no irreversibilities
J j <0 impossible
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Entropy balance — closed systems

M

change in the
amount of entropy
contained within system
during time interval

General:

2
82—81:_‘-(@) +0= &+a d_S:
1 T b jT

' net amount of entropy |
transferred in across
system boundary

| during time interval |

Internally reversible processes:

-5 =( 1),

rev

PrL

s _([¢Q
dt ;T.

| amount of entropy |

T\ 60);, = TdsJ/z
rev +

produced within
system during
time interval

Qint = f% rds
rev

1./

S
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Entropy balance — open systems

« Entropy balance for an open system:

d

|

N

Rate of entropy | Entropy transfer due t Convective | Entropy production
change in control | heat transfer (in or out) | | entropy within the control
volume over system boundary transport | volume

« Simplifications for steady systems or system with only one inlet/outlet

M
U
1
r
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Isentropic processes

« Isentropic means constant entropy.

 Isentropic processes are processes where the entropy at the initial and final
state are equal.

 Isentropic processes, e.g.: closed system, reversible and adiabatic process

T h

-7
\2
/ )
y S 1

M
)
-
r
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Isentropic efficiencies

M
]

1

Turbine:
W /m h —h,
77t’s :( - =
W/m)S h —h,,
Compressor/pump:
77 :(_W/m)s _hZ,S_hl
T m h,—h,
Nozzle:
. h-h — w/2-w/2
" h—h,, (W§/2—W12/2)S
L

h

A

g/lme—

Hau
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Carnot cycle

M
1

Carnot cycle:

Famous cycle that undergoes four reversible processes
ot

Two isothermal processes at two

different temperature levels

Require heat to be delivered or

rejected

Two adiabatic processes

Reverse direction: refrigeration or heat pump cycle

Efficiency given by Carnot efficiency or COP
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Carnot efficiency

« Maximum efficiencies of power and refrigeration/heat pump cycles:

\
[ |

i W i
Efﬁciency i nth = Lde =1— % i Copcm = WQC = QC i COth = V\(/gH = QH

! H H ' cycle H ™ QC ' cycle QH QC
Max. Q. T. | T CoP T,
efficiency | TTthmax = -1 == =1- T_ i COPcm,maX = & i hmmax — 1
(Carnot) | Qy o Ho Ty=Te H le
=PrL
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Consequences of the 2" Law

Practical implications from the second law:

- Increase the temperature differences of the AT engines
engine cycles. (Superposed cycles, increased v
higher temperature) y

+ Limit the temperature drop during heat NI 7

fﬂ_ exchangers

transfer (Increase the heat exchange surfaces  \ Ay
(but take care of the pressure drop), counter
current heat exchange)

+ Multiply the use of a same thermal source
(Cogeneration, heat exchanger cascade,
extraction in turbine, superposed cycles)

£

M
)
-
r
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Exergy

« What is the potential for use?

=PrL

1st law 2nd law
AL A ~
Potential
for use
E
nergy exergy
various
forms
of energy
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Exergy

» Exergy — definition;
Ex=U -U,+KE+PE —TO(S —So)+ o (V —VO)
« Specific exergy:
ex=U—U,+ke+pe—T,(S—Sy)+ Py (V—V,)
« Exergy difference between two states:
Ex, -Ex, =U,-U,)+(KE, -KE,))+(PE, - PE)) T, (S2 — Sl)+ Po (V2 —Vl)
« Specific exergy difference between two states:

EX, —€X = (U2 _ul) T (kez - kel) +(pez - pel) _To (Sz _51)+ Po (Vz _Vl)

M
)
-
r
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Exergy balance - closed systems

M
]

1

Closed systems:

Exz—Exlzj%(l—T—jﬁQ (W, = g (V,

1

—

T

—

-V,))-Too

_ —

—~

]

N

Exergy transfer by Exergy transfer by
heat transfer - | work

Rate:

@_Zj:[l_

Expressed alternatively:

: dVv :
—] .—(W - P, dtj T,0

Ex, — Ex, = EX, — EX, — EX,

Exergy

destruction by
- |irreversibilities
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Exergy balance - open systems

* Open systems — Exergy:

dEx : dVv . . .
_Z 1—— —|W = py— [+ mex,, — > mex, , —T,o
- dt ) 4 ’ ’
[\ | I e /\
Change in Exergy transfer Exergy transfer Convective Exergy
exergy via heat via work exergy transfer destruction due
T = transfer - + | at the inlets and - to
volume outlest irreversibilities

*  With flow exergy:
ex; =U—U, +ke+ pe—Ty(s—5;)+ Py (V—V, )+ (P— PV
ex; =h—hy+ke+ pe-T,;(s-5,)
ex; =ex+(p—p,)V

M
)
-
r
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Exergetic efficiency

M
]

1

Exergy efficiency describes the effectiveness of energy resource utilization

. used exergy 7= used energy
* provided exer rovided ener
/
energy efficiency
Components:
— Turbine: (W /m)
E =
TeX — X,
— Compressor/pump: eX; . —eX; .
gex — ,° . ’
(W, /)
e M) MO0
oy = ex
- m, (eXf,i,h _exf,e,h) ml(exf,l _exf,s)
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Example thermodynamic power cycles

=PrL
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Power systems

« Produce net power output from a energy source, such as fossil fuel,
nuclear, or solar power

« Three major types of systems:

— Vapor power plants (working fluid alternately vaporizes and
condenses)

— Gas turbine power plants (working fluid gas, series of components)
— Internal combustion engines (working fluid gas, reciprocating)

M
v
|
r
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Vapor power systems

 \apor power systems:
— Water is the working fluid, which alternately vaporizes and condenses
— Majority of electrical power generation done by these systems
— Basic components in a simplified systems are:

* Boiler
* Turbine A el
: |
I
 Condenser A0 N,
[ I
| I
 Pump i
1Rk
| |
15 [
: <«——— Combustion gases
I to stack
| 1
______ : 1
: Boiler 5
[
1
[
Fuel —+—> g I Condenser
T o
- T
Air _|L_> s Warm water / /l: \\\II ‘.‘\\1/,‘ \\‘,/ ‘;\\
[ I 1
e — ) X
B i | oo EE_____ e
; : Pump Cooled water
; g Feedwater pump Makeup water

M
)
-
r
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Vapor power systems

 |dealized Rankine cycle:

— Turbine: isentropic expansion |
W, /m=(h —h,) Q'V\if' .
— Condenser: isobaric heat transfer Boiler] P!

Qout ['m = (h3 B hz)
— Pump: isentropic compression

Wp/m:(h3—h4)
— Boiler: isobaric heat transfer

Q /m=(h—h,)
— Efficiency:

v

:Wt/m+wp/m:(h1_h2)+(h3_h4) ﬁ

T, m (h,—h,)

M
)
-
r
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Vapor power systems

 ldealized Rankine cycle: effects of components on performance:

— Increase of average temperature at which energy is added and decrease
of average temperature at which energy is rejected leads to increased
efficiency (Carnot):.

. (Qin / rﬁ)int,rev N (Qout / n.“l)int,rev — 1_ Tout

nideal B (Qin /m)int,rev Tin

— Increase in boiler pressure and decrease in condenser pressures:

T T
1’ Increased Fixed boiler pressure
boiler pressure
1 Decreased
condenser pressure
4 Y Fixed Patm
4 condenser pressure 100°C | .,
(212°F) V < Pam
-
< 22 \ )
Ny Ambient temperature

S Ky

(a) (b)

M
U
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Vapor power systems

* Rankine cycle: improving performance:

— Superheating (using additional heat exchanger, combination of boiler
and heat exchanger is called steam generator)

5

Protect turbine (higher x) and increase efficiency (higher T)

M
)
-
r
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Vapor power systems

» Rankine cycle: improving performance:

— Reheating
‘» Reheat section
|
1
b 3 Low-pressure
- 25 turbine
NN\
Qin Wt
> 1: -l 2
High- )
pressure
| turbine
L Steam
generator
QOUt
Condenser
6
| /) Pump
{( > i <
W, 5

M
v
r

Haussener — RE | Feb, 2021



Vapor power systems

 Rankine cycle: improving [ ___ § o a-y
— Regeneration via | ¥
open feedwater heaer |
' Steam
: generator

Open
feedwater

________

closed feedwater heater

Steam
generator

ey
4 <+

<
<3

6

Closed
feedwater
heater

z

S

M
v
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Real steam plant example

-

1-¢¢¢-th|i‘hn-hlhlill-|-l-|l-l-il--|lli-ill-I-!--r----

I3

?
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Real steam plant example:

¢ 27*150 MW,

e 8 extractions
1 reheater; [ |

for feed-water at HP wl— | S S

and LP | |
* 5turbines

(1 HP, 1 MP, 3 LP)
« 2 cooling towers
ETurbogroup = 19%0
Egoiler = 02%0

— . — 0
8Plant - STG SBoiIer_ 39 Y0

Y P |
| 17 ~
4 § 1 . 9

1K Kg)

= still the main exergy loss (large T drop) <> 15tlaw : 94%
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Co-generation

* Power and heat:
— steam extraction to HEX for district heating (70°C)
— output service: power E- and transformation Y 5

e Steam \\ the less power is available in the turbine
‘ turbine .
. _"’-"/”'I
'E'T
- O E” District heating
S | network
Steam ! !
Py generator | \E ~ i - - 2 |
Heating ™ . I |
element | o BRI | |
T, - Heat -
! L'C'(Jvnclemf:r exchanger  'p
_ Extraction | _Circulation
I Feed pumlp pump pump pump _
A\ N ! M,
(&H 1 @E <JF |

M
v
r
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Internal combustion engines

« Spark ignition or compression ignition

« Air-standard analysis:
— Fixed amount of air modeled
as ideal gas

Combustion

— Combustion modeled by heat 5 ¢

transfer from external source |

— No exhaust and intake strokes. Cor
Constant volume heat rejection

— Internally reversible processes 0G

Intake /

M
v
|
r
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Internal combustion engines

« Air-standard Otto cycle: ol T
— 1-2: Isentropic compression
W12
—< =y, —-U 2
m 1 2 w\\o
— 2-3: Constant-volume heat transfer 4
1
Qa_y _y, | |
m a b Vv

— 3-4: Isentropic expansion
W

_34 gy —

m s~ 70 —

60 |-

— 4-1: Constant-volume heat s0|

S 40

%:ul_u4 =30

Cycle efficiency: W U, —U, +U —U, |
- ' — — I
4 y n= el = 23 = 1 2 %724 6 3 10

Q23 u3 - U2 Compression ratio, r

M
)
-
r
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Internal combustion engines

"+ Air-standard Diesel cycle:

— 1-2: Isentropic compression : 3
1 2 %
m
— 2-3: Constant-pressure heat transfer 4
W W
23 __
—==P,(V;—V,) %=U3—U2+£ | |l
m m m a b
— 3-4: Isentropic expansion Compression ratio: I =
W
—2 =y, —u, .
m Cut-off ratio:
— 4-1: Constant-volume heat rejection -
3 60
Q41 _ :' 50
—=Uu, —u, 5
m § 40
— Cycle efficiency: 5
g Wome _Pi=hy—ugru
Q23 h3 - hz . l | '

5 10 15 20

Compression ratio, r

M
U
1
r
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Gas turbine power plants

« Gas turbine systems: $ ) r

Combustion //

chamber 2 3 ) 3
af— /
7’
’
’
2'e”
Compressor Turbine — » ! 4
- 4 Net A\Y l
o I~ 2
work Se oA
v
$ out | Y

Products v b % s

« Air-standard Brayton cycle (ideal):

— 1-2: Isentropic compression le hon, Cycle efficiency:

— 2-3: Isobaric heat transfer % —h —h, 7 :V\(lsze - E:j:i :
m

— 3-4: Isentropic expansion W, _ h —h,
m

— 4-1: Isobaric heat transfer Q41 —h, —h,

M

PrL

Haussener — RE | Feb, 2021



Gas turbine power plants

« Air-standard Brayton cycle: pressure ratio effect on performance
.- . . . 60 —
— Efficiency increases with
increasing pressure ratio
=

k=1.4

Y I A N
0 2 4 6 8 10

Compressor pressure ratio

— Regeneration:

— Reheating and intercooling:

M
v
r
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Internal combustion engines

M
1

Ericsson and Stirling cycle (both with same features as Carnot):

— In the limit of large
number of multi-stage i
compression with inter-
cooling, and multi-stage
expansion with re-heating,
with ideal regeneration

Ericsson cycle

— Cycle with regeneration, ”
Internally reversible,

Internal heat transfer
Processes — Stirling cycle
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Combined cycle (CC)

« (as cycle + steam cycle
» Fuels: oil, natural gas, gasified coal fuels

 GT ontop of ST (‘topping cycle’) reduces the exergy heat transfer loss
between fuel combustion gases and steam

e ST below the GT (‘bottoming cycle’) reduces transformation exergy loss
of the hot GT exhaust gas (450-650°C)

- ‘win’ —’win’ combination between both cycles

—> The individual cycles in a CC configuration find themselves simplified
with respect to their stand-alone configurations:

— for the GT: obviously no regenerator ! (it becomes the steam heater)
— for the ST: almost no steam extraction

M
)
-
r
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Combined gas-steam cycle in T-s diagram

M

gas turbine cycle K
(Brayton) ~ \
) 4g
:'. v 3y
/1
28 l
&g
I. 5g steam cycle
(Rankine)
) 2v
1g cl v 'L4v
|
S
S || S — combustion — — gas H20
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Layout

(no cogen.)

e

va:.‘:________*------------1 ———————————————————— - 1.._\
,H"/‘ Fuel ™, .
4 A . | K
/i Combustion : \
[ ' '
P chamber ' !
| F '
—ie :
[ ] H
| : |
1 | { il .- |
I | ' i
T ] / i |
[ == l : |
I : o i i
¥ _',/"Tuas. rurhnm\;‘-\‘ ; |
R 5 Turbine / i
= Eﬂmprw‘“r Generator s :
i ‘-‘-_:‘_._l_l:l_l_l_l_l_l l_l_l_l_l_l_l :I_I_I_l_l_l:l_l l_l:I—:lul‘-l.r:l-l-l-l::::l-:l_l: L] i
_." Steam i
F): generator :!
. ] !
: 2!
I E |
- H Steam -
. Flue gases turbine Generator & |
- iF, =
o s
| : H
| Pump
li.
LS
YW e .
. L oo
e

_________ Plant boundary F
__________ Gas turbine cycle boundary F;
- Steam cycle boundary Fy
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v
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Efficiency evolution and perspectives

70

60

L4
o

Efficiency (%)

~
o

20
1970

(T. Kaiser, Alstom)

M

PrL

1980

1980

2000

2010

2020

2030

Hau

2040 2050
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Thermodynamic power cycles for renewable sources

=PrL
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Steam P-T diagram for various cycle applications

100

r P riiig

i

(source: Rickli)

1 ! t ~T(°C)

400 500 600 o0
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Concentrated Solar Power - Centralized

« Traditional Rankine cycle: ha

[THI n
=1 Heliostat field

f=] " Cold storage tank ’

[} Tower with receiver 1 &3
"=1 | Hot storage tank
"=Y Steam generator
Turt‘)ine‘

Electric generator
Electrical transformer

h-s-Diagramm

e Twe

Siedelirie; ﬂ

Flissigkeit
v

Dampt

[a
S —— Taulnie; x=1

-

s

T-s-Diagramm
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Concentrated Solar Power - Decentralized

« Stirling cycle:
Mischrohre Brahngus-

Zuft?bmng Cold Hot

Piston Pist
Int . Regenarator I1ston
Lot o N e

ﬂamn}enhnltef

s

Wiirmerohr mit Luft-

77N
, llarstrukt /Stiring" -~
S limeni. Erhszer 4
— \Wple

Stirling-

fobestrabiung] ' W Erhitzorrchen Liftvorwirmer | =
N | 3%~
e AuslaBB

Expansion
(T = Const.)
Powerl

Displacement
(V = const. cooling)
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Low temperature sources

« For geothermal, waste heat, non / low-concentrated solar:
— Temperatures too low for HTF water
— Instead using fluid with different critical parameters

400°C

<€

< > S he
Geothermal, Vaste heat

ORC
Rankine Cycle

Steam turbines
Dynamic Axial Turbines
Rankine Cycle

=PrL
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HTF for ORC

* Choice depends on:
eq o . . -u"dm:t:g::”““" 0.005 bar ——— E"""’(’::;‘:J’:)’f;“”" 0.096 bar n-decane t,,346°C

— Flammability and toxicity i e

. . . 0.123 1.061 ) / heptane, 267°C
depending on security of the site e /7/)/// e

.
— ODP and GWP for the : B e
environment
— Stability
— Authorization for the fluid -
ntropy

P e e R v o

Saturated pressure at 120T (bar)

Service temperature (T) 140 140 140 140 140 140
Saturated pressure at 50T (bar) 35 11 31 1.6 6.8 0.1
Expander pressure ratio 56 3.6 1.8 5.7 4.1 10.7
Ozone Depletion Potential 0 0 0 0 0 0
Global Warming Potential 950 140 675 7 3 3
ASHRAE Safety group B1 A2 A2L A3 A3 A3
Power density [kKW/Exp] 16 26 16 8 21 14
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ORC example

* Biomass: Working fluid silicone oil

Turbine
Thermal oil cycle, 300T
Generator

Thermal oil ECO
Thermal Ol
Boiler
) Evaporator
Biomass

EEEm Regenerator
Condenser M- Kane

District heating
MNetwork, 80T

Economizer E i E '

Combustion
Air
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ORC example

 Geothermal

Organic Rankine Cycle Power Plant

Turbine  Generator i vl
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Example thermodynamic cooling and heating cycles
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Refrigeration and heat pump systems

« Refrigeration and heat pump
— Maintain cold temperature below
temperature of surrounding
— Maintain high temperature above
temperature of surrounding

N
2

<
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Condenser

Wi ) Turbine A
3 e
Compressor
Evaporator
Ll

4'1 4 1
Cold region at T ng \
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Vapor-compression refrigeration system

"« Practical refrigeration/heat pump cycle, ideal:

— 1-2: Isentropic compression

W
e _h _h
<= -h,
— 2-3: Isobaric heat rejection
Quut
. =h,—h
m 3 2
— 3-4: throttling process
h,=h,

— 4-1: Isobaric heat addition

o :hl_h4

m

— Coefficient of performance: ~op
cm

COP, ., =

M
U
1
r

T

h,—h, <COP,, ..
hz o h1
h, —h, <COP

h hm,max
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Gas refrigeration systems

« (as refrigeration systems, Brayton refrigeration cycle
— 1-2: (Isentropic) compression

T

W
—°—h —h
==y,

— 2-3: Isobaric cooling

Quut
X =h,-h
m 3 2
— 3-4: (Isentropic) expansion
W

—L=h,-h
L

— 4-1: Isobaric evaporation

Q.in =h —h,
m hl—h
COP._ = 4

— Coefficient of performance: em — |
h —h,—(h,—h,)

Haussener — RE | Feb, 2021

M

PrL



leat pump systems

* Heat pump system:
— Common application: space heating
— Vapor-compression as well as absorption heat pumps

Air-source heat pump

Inside Outside
air air
Condenser 3 4 Evaporator
( = : >_[>< { >
. Expansion >
Qout ) valve Compressor C Qin
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Heat pump systems

« (Carnot heat pump cycle: /i
— Same processes
— Different purpose Th
I¢
| |
b a %
— Performance: P v eyte
: . 1o —heatpump
COP - QOUt / m = TH (Sa _ Sb) Al T =333K
W =W | (T, —T.)(s, —S,) e
c o t H C a b <
— TH 4_
TH _TC 910. 230 2:50 270 290 310 330
T (K)
EPFL
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Heat pump systems

» Vapor-compression heat pumps:

Condenser

/ Expansion

» Compressor
/\ valve

Evaporator

Saturated or
superheated vapor
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leat pump systems

Vapor-compression heat pumps:

- 1-2. W "
—°=h —h
~=h -h,
— 2-3:
Qout — h _h
m 3 2
- h, =h,
- 4-1: -
Q-in =h -h,
m
— Performance: COP, == Q9ut /m _ h, —h,
W,/m h,—h

Hau
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Heat pump

The largest heat pump (for District
heating): 3 compression stages

Goteborg: 45 MW,
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Absorption heat pump

Idea: achieve the pressure raise from low (BP) = high (HP) not by a
compressor, but by the desorption (using a heat source) of a working fluid
from its solvent, in which this working fluid had previously been absorbed

(rejecting heat during absorption)
— e.g. working fluid NH; with water as solvent
— e.g. working fluid water with LiBr as solvent

Often low temperature (~100°C),
ideal for many renewables
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Absorption heat pump !

dCes a compressor

(Wate r) 4 Condenser

receives low p NH, vapor (BP)

[

|

I

= liberates absorption heat (H) E
liquid pump BP>HP b

|

I

|

|

|

|

boiler: delivers the absorption heat (G
expander (lig.) HP>BP E;
internal heat exchanger between the
tubing

ﬁ! 2
Hot source G
1

Weak solution AP
| I

Heat exchanger

| AN

.

solution expansion valve
I

Weak solution BP
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TRITHERMAL CYCLE 1,2,3
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Learning outcomes

m

P

=
[

ntroduction into thermodynamics:
— 1st law for closed and open systems

— 2nd law for closed and open systems, entropy definition

— EXxergy
— State functions

Exemplary thermodynamic power systems:

Examples of relevant power cycles for renewable sources
Exemplary thermodynamic cooling and heating systems:

L

— Power systems:
* Vapor power systems
« Gaspower systems:
— Internal combustion engines
— Gas turbine power plants

— Refrigeration and heat pump systems
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