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Ekonomske prednostl uporabe rotacijskega regeneratorja toplote

The Economic Advantages of Using A Rotary Heat Regenerator

DARKO GORICANEC — JURIJ KROPE

Zaradi zahtev po zdravem okolju moramo bivalne in delovne prostore prezracevati ali
klimatizirati. Ker je to povezano z velikimi izgubami toplotne energije, moramo iskati
primerne in ekonomsko donosne nacine izkoris¢anja odpadne toplote. V prispevku je obravna-
vana ekonomska ucinkovitost kondenzacijskega in entalpijskega regeneratorja toplote za dolo-

ceno klimatsko podrocje.

Dwelling and working environments should be ventilated or air conditioned in order to
provide a healthy environment. Suitable and economically effective ways of using waste heat
should be found in order to reduce heat loss. This paper addresses the economic efficiency of
a condensation and an enthalpy heat regenerator for certain climatic regions.

0 UVOD

Rotacijski regenerator toplote je namenjen
uc¢inkovitemu varcéevanju s toplotno energijo v
prezracevalnih sistemih, kjer je treba onesnazeni
zrak zamenjati s sveZim. Rotacijski regenerator
toplote je protitoé¢ni prenosnik toplote z rotirajoco
akumulacijsko maso, pri katerem skozi eno polo-
vico tece odpadni zrak, skozi drugo polovico pa sve-
zi zrak. Z rotacijskimi regeneratorji toplote v pre-
zratevalnih sistemih lahko doseZzemo tudi ve¢ ko
80-odstotno vracanje odpadne toplote in vlage ter
zmanjsanje kemi¢nega in fizi¢nega onesnaZenja
zraka v prostoru. Tako znatno zmanjsamo energij-
ske stroske ob sorazmerno nizkih investicijskih
vzdrzevalnih in obratovalnih strogkih regenera-
torjev.

Oblika satovja rotorja omogo¢a laminaren
pretok zraka, tako da ne prihaja do odlaganja suhih
necistih delcev, hkrati pa se z vsakokratnim spre-
minjanjem smeri pretoka zraka omogota uspesno
samocidc¢enje satovja. lzstopajocega — odpadnega
zraka obi¢ajno ni treba filtrirati, razen tedaj, ko
so v odpadnem zraku lepljivi prasni delci ali delci,
vecji od 300 um. Nacelo delovanja rotacijskega re-
generatorja toplote je razvidno s slike 1. Glede na
nacin toplotne izmenjave in vracanje vlage iz od-
padnega na svezi zrak lo¢imo kondenzacijski in
entalpijski regenerator toplote.

Kondenzacijski regenerator toplote omogocta
vlaZenje zraka samo v primeru, kadar je vlaznost
odpadnega zraka pod tocko rosiscta svezega zraka.
Entalpijski regenerator toplote pa lahko zaradi
sorpcijskih lastnosti akumulacijske mase prenasa
vlago iz odpadnega na svezi zrak.

0 INTRODUCTION

A rotary heat regenerator provides significant
heat savings in air conditioning systems where
used air is replaced by fresh air. A rotary heat
regenerator is a counter-current heat exchanger
with rotating mass accumulation where used
air flows through one half while fresh air flows
through the other. The use of rotary heat
regenerators in air-conditioning systems may
result in more than 80% heat and humidity
recovery while chemical and particular
contamination is significantly reduced. This
provides a means of substantial cost reduction
with a relatively low fixed-capital expenditure
as well as low maintenance and operating
costs.

The layout of the rotor enables laminar air
flow which prevents fouling by dry particles
while the reversal of flow direction enables
self-cleaning. Filtration of the effluent air is
usually not required except when it contains
adhesive particles and/or particles larger than
300 um. The principle of the rotary heat
regenerator is presented in Figure 1. According
to the mode of heat transfer, there are two
types of heat regenerators, condensation and
enthalpy onc.

A condensation heat regenerator enables air
moisturing only when the humidity of the used air
is below the dew point of the fresh air. An
enthalpy heat regenerator may transfer the humi-
dity from used air to fresh air owing to its
sorption effects.



116

STROJNISKI VESTNIK — JOURNAL OF MECHANICAL ENGINEERING, LJUBLJANA (40) 1994/3—4

Cc

Sl. 1. Rotacijski regenerator toplote
a — rotor, b — okvir, ¢ — vstavek za ¢i3¢enje satovja. d — pogon
Fig. 1. Rotary heat regenerator
a — rotor, b — frame, ¢ — self-cleaning mechanism. d — drive

1 KLIMATSKI PARAMETRI

Srednje dnevne temperature in vlago dolo¢imo
po enacbhah:

1 CLIMATE FACTORS

Average daily temperatures and humidity can
be calculated from the following equations:

T.rREplesapr

Tap = — ;‘ = (n,
e A b

x= “; - (2).

Temperature in relativne vlaznosti zunanjega
zraka izmerimo dnevno ob 7P, 140 21 uposteva-
jo¢ desetletno povprecje [1]. Prihranek toplotne
energije pri ventilaciji prostora dolo¢amo na podla-
gi statistiéne krivulje vsote dnevov s srednjo dnev-
no temperaturo (sl. 2) ali entalpijo (sl. 3). Krivulja
vsote dnevov s srednjo dnevno temperaturo ali
entalpijo je odvisna od klimatskega podroc¢ja in je
sestavljena iz treh karakteristi¢nih temperaturnih
ali entalpijskih podroéij.

— Prvi del krivulje obsega podro¢je z najniz-
jimi temperaturami, vklju¢no interval T, = 271K
do T, = 275K. Za to podro¢je lahko uporabimo
eksponentno enacbo:

Z meajghoh, e

Temperature and relative air humidity are
measured daily at 7:00, 14:00 and 21:00. An average
value over the past decade is used [1]. Heat saving
of air-conditioning is determined from the sta-
tistical curve of the sum of days with an average
daily temperature - Figure 2 or enthalpy - Figure
3. The curve of the sum of days with average
daily temperature or enthalpy depends on local
climate and it consists of three characteristic
temperature and enthalpy regions.

— The first part of the curve comprises the
region of lowest temperatures including the inter-
val from T, = 271 K to T, = 275 K. For this region
we can use the exponential equation:

(c,(T,-273)) (3).
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Sl. 2. Krivulja vsote dnevov s srednjimi dnevnimi temperaturami
(S, = letno stopinjsko Stevilo za ¢ = 0.795)

Fig. 2. Curve of sum of days with an average daily temperatures
(S, — annual temperature value for @ = 0.795)

— Drugi del krivulje zajema podrocje v
temperaturnem intervalu T, = 275 do T, =
= 290 K. Za ta del krivulje je znacilna linearna

odvisnost;:

— The second part includes the temperature
region between T, = 275 to T,= 290 K. In this
region linear dependence can be ohserved:

290 x b (T~ 28) (4).

— Tretji del krivulje zajema podro¢je z naj-

— The third part involves the region of the

visjimi temperaturami, vklju¢no interval 7,=290 K highest temperatures, T, = 290 K to T, =294 K.

do T, = 294K. V tem primeru zopet velja ekspo-
nentna enacba:

Z = 8.

Temperaturo T, dolo¢imo statisti¢no, kon-
stante a, b, ¢ pa numeri¢no. Statisti¢no krivuljo
vsote dnevov s povpre¢no dnevno entalpijo dolodi-
mo podobno, le da izraz (T, - 273) v enacbah (3),
(4) in (5) nadomestimo s srednjo dnevno entalpijo.
Dobimo:

(c,(T, - 273))

The exponential relationship applies again to this
region:

(5).

The value of T, can be found from statistical
data while the parameters a, b, and ¢ can be de-
termined numerically. A statistical curve of a
sum of days with an average daily enthalpy can
be prepared in a similar way except that
(T, — 273) in the equations (3), (4) and (5) must
be replaced by enthalpies. This yields:

h = 1,0048 + H,(2500 + 156 T) (6),

Hy = 0.0622 p, &/ (p'- p,'x) (7).
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Sl. 3. Krivulja vsote dnevov s srednjimi dnevnimi entalpijami
(E, = letno entalpijsko $tevilo za @ = 0.51)

Fig. 3. Curve of sum of days with average daily enthalpies
(E, — annual enthalpy value for @ = 0.81)

2 DOLOCITEV STOPNJE VRACANJA 2 DETERMINATION OF HEAT AND
TEMPERATURE IN VLAGE HUMIDITY RECOVERY
2.1 Izkorlstek vracanja toplote In vlage 2.1 Heat and humlidity
Izkoristek toplote rotacijskega regeneratorja Heat recovery of a rotary regenerator can be
toplote zna3a: determined:
za odpadni zrak: for used air:
Tn = T12
A Tn 3 T21 e
za zunanji zrak: for fresh air:
Rl § (9).
. Tn 2 T21
[zkoristek vlage rotacijskega regeneratorja Humidity recovery of a rotary regenerator
toplote znasa: can be calculated:
za odpadni zrak: for used air:
A TR O
@, = U o (10),
za zunanji zrak: for fresh air:
Xop = Xy
O (11).

Ny = Xy
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2.2 Letno stopinjsko In entalpljsko &tevilo

Prihranek toplotne energije z uporabo regene-
ratorja toplote je plod¢ina med krivuljama vsote
dnevov s srednjo dnevno temperaturo sveZega zra-
ka in srednjo dnevno temperaturo sveZega zraka
T,, po prehodu skozi regenerator toplote (sl. 2).
Ploséina nad krivuljo srednje dnevne temperature
svezega zraka T,, po prehodu skozi regenerator
toplote in temperaturo odpadnega zraka T,, pomeni
izgubl jeno toploto. Letno entalpijsko stevilo dolo¢i-
mo podobno (sl. 3).

3 EKONOMSKO VREDNOTENJE NALOZBE

Pri oceni gospodarnosti investicije rotacijske-
ga regeneratorja toplote moramo lo¢iti med rekon-
strukcijsko investicijo in investicijo novogradnje.
Ekonomsko vrednotenje nalozbe [3] temelji pri re-
konstrukciji na investicijskih strosdkih za regene-
rator toplote, obratovalnih stroskih in prihranku
toplotne energije, pri novogradnji pa tudi na pri-
hranku investicijskih stroskov zaradi zmanjsanja
velikosti in zmogljivosti grelnih ali hladilnih na-
prav.

3.1 Stro&kl nalozbe
Investicijske stroske regeneratorja toplote C,

lahko krijemo z viri investitorja, krediti ali z iz-
dajo delnic in obveznic.

3.2 Stro&kl vzdrZevanja

Stroski vzdrzevanja zna3ajo letno priblizno
dva odstotka nabavne vrednosti regeneratorja to-
plote. Sedanja vrednost stroskov z upostevanjem
inflacije je:

C, = C,0,02

2.2 Annual temperature and enthalpy values

The area between the curves of a sum of
days with an average daily temperature of fresh
air and average daily temperature of fresh air T,
after passing through the regenerator (Fig. 2),
represents heat savings that result from the use
of arotary heat regenerator. The area above the
curve of average daily temperature of the fresh
air T,, after passing through the regenerator and
the temperature of used air T,, represents heat
loss. The annual enthalpy value can be obtained in
a similar way (Fig. 3).

3 ECONOMIC EVALUATION OF PROFITABILITY

In order to arrive at a correct rotary regene-
rator profitability estimate it is necessary to
make a clear distinction between a reconstruction
and a grass-roots project. Economic evaluation of
the reconstruction project [3] is based only on
costs associated with a rotary regenerator while
a grass-roots project involves the costs of the
entire heating and cooling system.

3.1 Investment

The costs for rotary regenerator C, can be
financed from different sources: owned capital,
loans and by issue of stock or bonds.

3.2 Malntenance costs

Maintenance costs amount to approximately
2% of the fixed-investment. The present value of

maintenance costs can be determined from the
following equation:

(1+
(r -

3.3 Obratovalnl stroki

Sedanja vrednost stroskov elektri¢ne ener-
gije za pogon dveh ventilatorjev:

0L[1- (=) ]

L2

3.3 Operating costs

The present value of fan electric power
consumption:

= CB(QVAPV i QIzAplz) tltz (] i R) [ (I g )n]

3 1000 7,

Sedanja vrednost stroskov elektri¢ne energije
Za pogon rotorja regeneratorja:

CoPo ti Ly

TR (13).

It

The present value of rotor drive power con-
sumption:

4

b e

(14).
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3.4 Prihranek toplotne encrglje

Sedanja vrednost prihranka toplotne energije
z uporabo kondenzacijskega regeneratorja toplote:

Cs = gypcpS,Ce 8, F10

Pri tem je f = t,/363.
Sedanja vrednost prihranka toplotne energije
z uporabo entalpijskega regeneratorja toplote:

C. =g aBCoe 10

Sedanja vrednost nalozbe:

Cs=Cs-(C,+Cy*+Cy+Cp

3.5 Donosnost nalozbe

Donosnost nalozbe dolo¢imo z enacho:

REE s Yo e

V primeru, da je K > 1, je nalozba donosna.

3.6 Cas povrnitve nalozbe

Cas obratovanja, v katerem se vloZena sred-
stva vrnejo, imenujemo ¢as povrnitve naloZbe.
Nalozba se povrne v ¢asu, ko je izpolnjen pogoj:

@i, + C, + C, + C,

3.7 Minimalnl ¢as obratovanja
regeneratorja toplote

Donosnost investicije je med drugim odvisna
tudi od ¢asa obratovanja regeneratorja toplote.
Obratovalni ¢as regeneratorja toplote, pri katerem
se investicijski in obratovalni stroski izenacijo s
prihranki energije, sedanja vrednost C, = 0, ime-
nujemo minimalni obratovalni ¢as.

4 PRIMER

Dolo¢iti je treba ekonomsko uc¢inkovitost re-
konstruiranega prezracevalnega sistema s konden-
zacijskim regeneratorjem toplote z oznacbo RT
10-1700, proizvajalca IMP Maribor. Investicijski
strogki regeneratorja toplote znasajo C, = 5140
USD, cena elektri¢ne energije C,=0,07 USD/kWh,
cena toplotne energije C, = 0.038 USD/kWh. Iz
diagrama ucinka [2] ustreza pretoku g, = q, =
= 2,5 m¥/s odpadnega in svezega zraka. izkoristek
odpadnega zraka @, = @, = 0.795 in padec tlaka v

el o gy

sl (e ]

3.4 Heat savings

The present value of heat savings arising
from the use of a condensation heat regenerator:

(13).

Here F = 1. /369.
The present value of heat savings arising
from the use of an enthalpy heat regenerator is:

(16).

The present value of investment:

3.5 Profitabllity of iInvestment

Profitability of investment can be judged by:
(18).
If K > 1. the investment is profitable.

3.6 Payback perlod

The payback period is the time that the
present value of cash [low takes to recap the
fixed-capital expenditure:

(19).

3.7 Minilmum hecat regencrator
operating time

Profitability of investment depends on the
heat regenerator operating time. The minimum
operating time that makes the present value
Cg = 0 is defined as the minimum operating
time.

4 SAMPLE PROBLEM

In this sample problem the profitability of
heat recovery reconstruction will be estimated.
An RT 10-1700 condensation heat regenerator
(IMP Maribor) is considered. Total investment
costs amounts to C,= 3140 USD. the price of elec-
tric power is C,= 0.07 USD/kWh, the price of
heat is C ( = 0.035 USD/kWh. From the efficiency

diagram [2] we find the value ¢, = @, = 0.795,
which corresponds to the design flow rate q, =
= Qi =20 m/s andl pressare drop Ap, = Apy.. .=
= 190 Pa. Efficieney of fan and rotor drive are
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rotorju Ap,, = Ap,, = 120 Pa. Izkoristek ventilator-
jev in pogona rotorja n = 75 odstotkov. Cas obrato-
vanja t, = 24 h/dan oziroma ¢, = 230 dni/leto.
Doba trajanja regeneratorja je n = 15 let, stopnja
inflacije R = 4 odstotke in obrestna mera r = 8
odstotkov. Letno stopinjsko stevilo doloéimo nume-
ri¢no z doloéitvijo povrdine med krivuljami raz-
lienih podroéij (sl. 2).

Rezultati

Karakteristika letnega obratovanja: trajanje
(ogrevano in regulirano podrocje) z = 245,8 dni,
vrnjena toplotna energija S, = 3162,1 (K- dan/leto),
izgubl jena toplotna energija S, = 815,4 (K- dan/leto).

Karakteristika obratovanja v grelni sezoni:
trajanje (ogrevano podro¢je) z = 192 dni, vrnjena
toplotna energija S, = 2634,7 (K- dan/leto), 1z-
gubljena toplotna energija S, = 679,4 (K-dan/leto).

Ekonomsko vrednotenje nalozbe: porabljena
elektriéna energija na leto:

— za pogon ventilatorjev 4 800 kWh,

— za pogon rotorja 800 kWh.

Prihranek toplotne energije na leto 1559 MWh,
sedanje vrednosti stroskov C, = 5140 USD, C, =
= 1135 USD, C, = 3237 USD, C, = 539 USD, se-
danja vrednost prihranka toplotne energije C, =
= 66 599 USD, sedanja vrednost nalozbe Cg = 56 527
USD, koeficient rentabilnosti K = 6,61, vracilni
rok investicije 0,96 leta. Investicija je rentabilna
(K = 1), &e regenerator toplote obratuje 250 dni/le-
to, minimalno 2,4 ure na dan.

9 SKLEP

Ekonomsko ucinkovitost kondenzacijskega in
entalpijskega regeneratorja toplote lahko ugotovi-
mo pri razli¢nih ekonomskih in obratovalnih raz-
merah. V primeru novogradnje je lahko prihranek
v nalozbi zaradi zmanj$anja grelnih in hladilnih
naprav dosti ve¢ji od strodka nakupa regeneratorja
toplote. Entalpijski regeneratorji toplote so zaradi
zmoznosti vracanja vlage kljub vigjim investicij-
skim strodkom 10 do 20 odstotkov donosnejsi od
kondenzacijskih regeneratorjev toplote. Uporaba
regeneratorja toplote je priporoc¢ljiva zaradi krat-
kega ¢asa povrnitve nalozbe in znatnih prihrankov
toplotne energije.

6 SEZNAM OZNACB

Ce — cena elektri¢ne energije (USD/kWh),

C,_,— sedanje vrednosti nalozbe in stroskov (USD),

C, — sedanja vrednost prihranka toplotne ener-
gije (USD),

Cp — specifi¢na toplota (kJ/kg K),

C. — sedanja vrednost nalozbe (USD),

C¢ — cena toplotne energije (USD/kWh),

n =75%. Operating times are t, = 24 hrs/day and
t, = 250d/yr. The lifetime of the regenerator
is n = 15 yrs., the inflation rate is R = 4% and
the discount rate is r = 8%. The annual tempe-
rature value has been calculated from the sur-
face between the curves of different regions
using the numerical technique described in Fi-
gure 2.

Results

Annual operating characteristics: period
(heated and controlled region) z = 245.8 days heat
recovery S, = 3162.1 Kd/yr., heat loss S, =
= 815.4 Kd/yr.

Heating season operating characteristics:
period (heated region), z = 192 days, heat recovery
S, = 2634.7 Kd/yr., heat losses S, = 679.4 Kd/yr.

Economic evaluation of profitability: annual
electric power consumption:

— fan drive, 4500 kWh.

— rotor drive, 800 kWh.

Annual heat savings, 155.9 MWh, present
values of costs C, = 5140 USD, C, = 1155 USD,
C, = 3237 USD, C, = 339 USD, present values
of savings C, = 66599 USD, present value of
venture Cg = 56527 USD, profitability coefficient
K = 6.61, payback period 0.96 yr. Investment is
acceptable (K = 1) if the regenerator operates
250 days/yr. for at least 2.4 hrs/d.

5 CONCLUSION

The profitability of a condensation and an
enthalpy heat regenerator can be quickly deter-
mined for different economic and operating con-
ditions. When a grass-roots project is considered,
savings arising from the reduced sizes of heating
and cooling equipment are larger than those for a
regenerator alone. Due to the capability of moistu-
re recovery, enthalpy regenerators are 10 - 20 %
more profitable despite of their larger investment
costs. The use of heat regenerators is recommen-
ded due to their very short payback period and
significant heat savings.

6 SYMBOLS USED

Ce — price of electric power (USD/kWh),
C,_,— present values of investment and costs,
C, — present value of heat energy savings
(USD).
¢, — specific heat (kJ/kgK),
s — present value of venture (USD),

price of heat (USD/kWh),
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E — letno entalpijsko stevilo (kJ dan/kg leto),
h  — entalpija (kJ/kg),

H, — absolutna vlaznost (kg/kg),

K — koeficient rentabilnosti,

n — &as obratovanja regeneratorja (let),

Ap,,— padec tlaka odpadnega zraka v rotorju (Pa),

Ap,, — padec tlaka svezega zraka v rotorju (Pa),
q,, — pretok odpadnega zraka (m*/s),
gy — pretok sveZega zraka (m®/s),

R — inflacijska stopnja (%),
r — obrestna mera (%),
S  — letno stopinjsko stevilo (K dan/leto),

T — temperatura (K),

— &tevilo dni s povpre¢no dnevno temperatu-
ro (entalpijo),

— vlaznost zraka (kg/kg),

— izkoristek toplote,

— izkoristek vlage,

— gostota zraka (kg/m?),

— izkoristek pogona rotorja (%),

+ — lzkoristek ventilatorja (%).

o€ % N

330
o

E — annual enthalpy value (kJ d/kg yr),

h — enthalpy (kJ/kg),

H, — absolute humidity (kg/keg),

K — profitability coefficient,

regenerator operating time (yrs),

— pressuredrop of effluent air in the rotor (Pa),

Ap,, — pressure drop of inlet air in rotor (Pa),

g, — effluent air flow rate (m3/s),

fresh air flow rate (m3/s),

inflation rate (%),

r — discount rate (%),

S — annual temperature value (Kd/yr),

T — temperature (K),

z — number of days with average daily tem-
perature (enthalpy),

x — air humidity (kg/kg),

@ — heat recovery,

@ — humidity recovery,

p — air density (kg/m?),

ne — rotor drive efficiency (%),
ny — fan efficiency (%),
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