2.62 — Advanced Energy Conversion | Spring 2020

Homework 1 — Solutions

Problem 1

a) Calculate the energy stored in both tanks between the fully charged state and
discharged state:

First, we start by setting a reference state at T=T 0=22 Cand P =1 atm. To simplify the
analysis, the specific heats are assumed constant herein. Calculating the energy stored
in the thermal mass between its two states:

AEsalt = Msaltc((Tsz - TO) - (Tsl - TO))
AE.,;; = (1 X% 10° kg)(1,500 J/kg-K)(300 K)
AEgq = 4.5 x 1019

Next, we apply a similar approach to calculate the stored energy in the tank:

AE; = (U, = Uy) — (U — Uo))g
AE; = (M, (T, — Tp) — Myc,(Ty — Tp)) — (M, (T — Tp) — Mo, (Ty — Tp))

R A\ (1 x 10° Pa)(1,000 m3)
O L TRT, T (287 ]/kgK) (295 K)

=1,181.1kg

_ PV, (100 x 10° Pa)(1,000 m®)
27 RT,  (287]/kgK)(873 K)

= 39,912 kg

AE; = (39,912kg x 717.5]/kg'K x 851K) —(1,181.1kg x 717.5]/kg:K x 0 K)
AE, = 2.44 X 1019
b) Calculate the work required by the compressor train to charge the system of the air
tank and the salt tank. The compressor train operates adiabatically:

To answer this question, we apply the first law of thermodynamics. Assuming the
compressor train operates adiabatically:



c)

d)

—W = (244 + 45]) x 100
W = —6.94 x 10%°]

Calculate the maximum work that can be extracted from the molten salt tank when
fully charged:

To find the maximum work extractable, we use the concept of availability:

- -
) —_
—

VVs,max 2 o9

Evaluating this for the molten salt:

T.
VVs,max = (Ez - El) — Ty <C In T—SZ)
s1

Ts,
VVs,max = MsaltC(Tsz - Tsl) - MsaltCTO <1n TL)
s1

Wy max = (1% 10° kg)(1,500 J/kg'K) (300 K — 295 KIn

873.15
573.15)

Wy max = 2.64 X 101°]

Calculate the maximum work that can be extracted from the gas tank when fully
charged:

Drawing a control volume around the tank, invoking Equation 2.37 from the text, and
following a similar approach:

I/i/g,max = - d((E — EO) ;tTO (S — SO)) - mout((hout - hO) - TO(Sout - 50))

Maximum work occurs when the air leaves at the dead state (second term goes to zero).

Integrating with time:

I/I(g,max = _[(Edis - Echar) - TO((Sdis - SO) - (Schar - SO))]



Rearranging:

Wy max = (E; — E1) — To[(S2 — So) — (51—S0)]

Therefore:

EZ - El = Mzcv(TZ - To) - Mlcv(Tl - To) = 2.44 X 1010 ]

Likewise:
T, P,
0 0
To(S1 —So) = ToM;(s; —s0) =0
Therefore:

Wy max = 244 x 1010 ]

873.15
— (295 K)(39,912 kg) (1,004.5 J/kgKIn==2 — 287 | kg K In 100)

Wy max = 244 X 1010

e) What is the round-trip efficiency of this storage system:

Wour  0.6Wsmax + 0.7Wy max  1.584 + 1.71

. = = = = 470
nt?"lp VVL VVL 6.94 /0

f) How long does it take to charge the system using a wind turbine operating at 1 MW.

At—Wi —6'94X1010]—64ooo 19.2 h
_W_1><106]/s_ , s = 19.2 hrs




Problem 2

a) Draw schematically the T-s diagram of the Claude cycle:

Using EES, we can plot our states using the Property Plot + Lookup Table (to store
states) + Overlay Plot (to add your points from the table):
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b) Calculate the mass of liquid H, produced in the hydrogen liquid separator per 1 kg of
H: at state 2:

Start by applying the 1% law to Heat Exchanger 1:

my(hy — hg) +1m'(hyg — hy1) =0
Note that:

m' = 1, — 1y

Therefore:

m h,—h

™o (#
h10 - h11

- ) = (0.1587
m,



c) Determine the pressure and temperature of H; at states 1-9:

We start from state 7 (saturated liquid):

P7:P1

x7:O

State 8 (saturated vapor):

P8:P1

x8:1

State 6 (liquid-vapor mixture):

P6:P1
m m —m m m

xg=—0b =—tt t_q___1 =1—2<—l)=0.6826
Miot Miot m;

State 9 (Use turbine isentropic efficiency). The only unknown is h,;.

P9:P1

n, = hin - hout
‘ hin - hout,s

To determine states 4 and 5, we use the other two heat exchangers:

0.5m,(hz — hy) + (1, — 1) (hg — hyy) = 0

O.sz(h4_ - hs) + (O.sz - ml)(hg - hg) = O

Solving the resulting system using EES and summarizing the states in a Table:

State Pressure [atm] Temperature [K] Quality [-]

1 1 298 -

2 100 298 -

3 100 160 -

4 100 66.57 -

5 100 50.42 -

6 1 20.37 0.6826
7 1 20.37 0

8 1 20.37 1

9 1 55.5 -
10 1 125 -




d) Calculate the work produced by the turbine per 1kg of the produced liquid H:
. m,
W, = 0.5 <W) (hs — ho) = 3741 k] /kg H,
l
e) Determine the total work required to produce 1 kg of liquid hydrogen:
. m,
e = (S2) (T (s, = 5) = (b, = 1)) = 36,188 /g Hy
l
Whet = W + W, = —32,448 kJ/kg H,

f) Determine the second law efficiency of the Claude cycle:

Wmnin —([h7 —hy]—Ti(s; — 51))

Whet We + W,

= 36.9%

N =



Problem 3



Technology I: Once-Through Boiling



Technology Il: Reverse Osmosis
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