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Classification of Waste-to-energy Plants
in Terms of Energy Recovery

Kurzfassung

Einordnung von Miillverbrennungs-
anlagen im Hinblick auf
die energetische Verwertung

Bei der energetischen Bewertung von Millver-
brennungsanlagen gibt es u.a. zwei unter-
schiedliche Aufgaben:

1. Die energetische Effizienz einer Anlage aus
technischer Sicht zu ermitteln.

Il Die energetische Verwertung gegenuber der
Beseitigung aus politisch/juristischer Sicht
festzulegen.

Fur die erste Aufgabe wird auf die bekannten

und bewéhrten ingenieurtechnischen Grund-

lagen (technische Sicht) [z. B. 1, 2] zurtiickge-
griffen.

Die Festlegung bei der zweiten Aufgabe ful3t

auf einer politisch gewollten Ordnungsfunktion

(politische Sicht) [3].

In der jingsten Vergangenheit hat es zum Teil
heftige Diskussionen dariiber gegeben, wann
einer Mullverbrennungsanlage aus politisch/
juristischer Sicht der Status einer energeti-
schen Verwertung zuzuordnen ist oder nicht.
Dabei sind die Irritationen u.a. auch dadurch
entstanden, dass beide vorgenannte Betrach-
tungsweisen und damit zusammenhéangende
Argumente miteinander vermischt wurden.
Trennt man beide Sichtweisen sorgféltig, ist
auch insgesamt ein Weg vorgezeichnet, wie
»das Problem zur Einordnung*” zu beheben ist.
Dazu soll im Folgenden ein Beitrag geliefert
werden.

Es werden beide Betrachtungsweisen erlautert
und es kann ein Restimee wie folgt gezogen
werden:
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1. Die VDI-Richtlinie 3460 [2] basiert auf be-

kannten und bewéhrten ingenieurtechni-

schen Kenntnissen und ist damit die Grund-
lage der Bewertung der Energieeffizienz von

Miillverbrennungsanlagen, insbesondere vor

dem Hintergrund der Optimierung.

Die R1-Formel [3] hat eine politische Ord-

nungsfunktion zur Unterscheidung von R1

und D10 (R1 als Fachbegriff).

. Bei Unterscheidung der beiden vorgenann-
ten Betrachtungsweisen 1. und 2. ist die
Bezugnahme in der VDI-Richtlinie 3460 auf
R1 damit nicht erforderiich.

N

w

Technical Viewpoint

Before the energy in a waste-to-energy plant
can be assessed, it is imperative to establish
a balancing system with a balance boundary
(balance circle) for the plant (Figure 1).

Mass and energy balances are thereafter car-
ried out on the basis of this balancing system;
all flows are indicated, numbered and provi-
ded with figures and units [e.g. 2 and 4].

The sum of all incoming flows is checked in
order to ensure that it is identical to the sum of
all out-going ﬂow% Examples of this can be
found in [e.g. 2, 4, 5, 6, 7]. Not only can ba-
lances of this kmd then be used to assess whe-
ther. technically, a net gain or net input has oc-
curred (by means of efficiencies), they also
serve as a basis for estimating

the potential for improvement

or optimisation in waste-to- <
energy plants [e.g. 8. 9, 10].

NA= 7

Figure 2 illustrates a balance diagram! for
the energy balance.

For the sake of clarity, the symbols used in
[3] are also used here to indicate the in-
coming and out-going energy flows.

useful energy Ep
total energy input

The following flows enter the plant:
— energy flow? Ew in the waste
Ew = thar - hyar (1)

where rf is the waste mass flow and hy,_a;
is the lower heating value of the waste.

energy flow Ef in the fuels that “contri-

bute to the generation of steam” (accor-

ding to [3]).

— other incoming (“imported™) energy flows
Ei, such as those in auxiliary materials, as
condensate returns, as electrical energy.
ete. (according to [3]).

The following flows leave the plant:

— the usable (“generated”) energy flow Ep.

— the unusable energy flow, i.e. plant losses
Ever, e.g. flue gas losses, losses in the
solid residues, radiation losses, etc.

To assess energy conversion the so-called

energy efficiency is used, which always cal-

culates the ratio of the generated useful ener-
gy (gain) to the total energy input required to
achieve this gain. Input and output variables
must basically be used at one and the same
(respectively selected) balance boundary. In
e 1, which encom-

the case of balancing cir
passes the plant (index “A”) as per Figure 2
the following results:

(2).

~ Ew+Ef+Ei )ml.mcc circle 1

1 Reference is made at this point to the pre-
viously specified references [2 and 4 to 10]
on detailed performance of balances.

2 “Energy flows” are referred to in abbreviated
form as “energies” below.

Waste Balance circle
—
Flue gas
Air
— e
Additional .
energy "“
F‘-
: B[S Ee 0 )
iD T ==tk Energy
1 I - |
I_T q 1= s
Other
Auxiliary Otrer
materials
—

Figure 1. Balancing system of a plant.
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Balance
circle 1
Useful energy
\ Plant
‘
;]:] Ew+Ef+Ei | [=] Ep+Ever |
Total energy equals Useful energy +

‘ input losses

Figure 2. Basic illustration of a balance
diagram for the energy balance
(description in text).

If there were no waste, the additionally re-
quired energies Ep and Ei (over and above
the energy in waste) would not be needed,
i.e. energy resources could be saved equal to
the amounts Ep and Ei. If the energy efficien-
cy of the plant is to be accessed in terms of
the waste used only, the energy input (Ef
and Ei in Figure 2) over and above that
from the waste must be subtracted from the
useful energy® Ep in balance circle 1. The
net gain Ep — (Ef + Ei)* then remains as the
gain. A new balancing system with a (theo-
retical) returned flow Ef + Ei appropriately
clarifies this subtraction, which is illustra-
ted in Figure 3. There. on the basis of Figu-
re 2, balance circle 2 results by adding the
recirculated flow Ef + Ei. As can be seen,
only the energy bound to the waste Ew is
supplied to this balance. Therefore, the net
gain (net target energy) can only be attribu-
ted to the waste.

Assessment of the plant's energy efficiency
based on waste as the sole input (balance
circle 2) and using the ratio of net useful

3 Following [11] the term “target energy” is
used in [2] for this purpose. The “net target
energy” remains after theoretical return of
the energy input over and above that from
the waste.

4 The individual energies Ep, Ew, Ef and Ei are
different types of energy, e.g. chemically-
bound energy, thermal, electrical energy,
etc. and therefore also have different ratings.
When determining net useful energy (gain),
the input Ef and Ei must be subtracted from
the generated gain Ep. In the case of electri-
cal energy, this is not anissue, i.e. the requir-
ed additional electrical energy can simply be
subtracted from the generated electrical
energy. However, if the plant produces only
thermal energy or if the input in terms of ad-
ditional fuels (chemically-bound energy) is to
be subtracted, more complex substitution
considerations are essential. The rating of a
particular energy type can be expressed for
example by the energy exchange ratio (ratio
of the substitution energy, e.g. steam, to the
energy to be substituted, e.g. natural gas).
Reference is made to [12 to 16] for determin-
ing energy exchange ratios and their treat-
ment in the context of balances. For the
sake of clarity, the value 1 will be used for
energy exchange ratios here.
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Balance circle 2
Balance circle 1

[ Ew 1 Ep 1 [ Ep-(Ef+E)

|
Plant
o T o o Y |
Ew + Ef + Ei |
(Ef + Ei) ‘
=
Total energy equals Useful energy +
input losses

Figure 3. Basic illustration of a balance diagram for the energy balance with recirculation

(description in text).

energy (gain) to the total energy input requi-
red to achieve this net gain (waste only) re-
sults in the efficiency as shown below, and
shall now be known as the net plant effici-
ency,

useful energy
total energy input

N _ Ep— (Ef+Ei)
(nl\.nel = = B ) L
The efficiency ma net can be used to directly
assess whether energy recovery is taking
place or not. na net >0 indicates technical re-
covery.

In waste-to-energy plants, the energy flows
Ef and Ei can often remain outside the equa-
tion for the first approximation: the following
then applies:

Ep

== 4).
Ew )

na
According to the VDI guideline 4661 [11],
Ep signifies the sum of electrical (Pg) and
thermal (Quy,) useful energy (gains):

Ep = Pe + Qnu, (according to [11]) (5).

In connection with the occurrence of dif-
ferent energy types (as in this case thermal
and electrical energy), the issue frequently
arises of their assessment in comparison with
the type of incoming energy supplied, in this
case in comparison with the incoming fuel
energy flow mg - hy 3. When different energy
types are being assessed, values known as
equivalent values are introduced. However,
when doing so, attention must be paid to the
thermodynamic background, in particular to
the generally applicable conservation equa-
tions.

To illustrate the use of equivalent values,
simple ideal thermodynamic cycles are as-
sumed (Figure 4). The left side of Fig-
ure 4 illustrates an ideal gas turbine process,
the right side an ideal steam power process.

alance circle 2

In this case. absolute flows, i.e. heat flows
and the electrical output, are used for the pur-
pose of exemplary observation.

If it is assumed that the gain lies in the pro-
duction of electrical energy,
the electrical
efficiency (according to the
ratio of areas in Figure 4)
for this power plant process is, as illustrated
in Figure 4 (simplified T.S diagram):

(3)

Py

= (6).
Qu

RIS

In practise, the electricity yield B [11] ex-
pressing the ratio of electrical output to the
used fuel energy flow (waste energy flow Ew
as per equation (1)) is an important charac-
teristic:

Pq
e @).

4 g+ hy
In response to the question which produced
electrical output is equivalent to the supplied
energy (mg * hy).
Pey - e =g " hy ®)

the equivalent value of the electrical energy
results as follows:

g = e ©)

or also the relationship:

Brig=15 (10).
The thermal energy flow Q,, required for the
cycle is provided by the conversion of fuel

5 It is important to emphasize that the total
supplied fuel energy flow is included when
electrical energy is multiplied by its equiva-
lent value (B - & = 1 as per equation (10), see
also equation (8)).
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24

Significance of areas

Areaa2sb [N\ isQu

Area1234 [@ @ @] isWges 2 electrical gain=Ps

Area aldb is Qas = emitted to environment, no gain

description in text.

Figure 4. Ideal thermodynamic cycles in the T,S diagram, electrical energy as gain,

A4

is Qzy

Area aldb

is Qap = thermal gain

is Wi ges £ electrical gain = Pe

Figure 5. Ideal thermodynamic cycles in the T, S diagram, electrical energy and thermal energy

as gain, description in text.

energy (mg - hy). The quality of the conver-
sion can also be expressed in terms of a cor-
responding thermal efficiency (combustion
system/boiler efficiency mg):

Q

= 11).
T S h, (11)

In line with the afore-mentioned equivalent
value 4, for electrical energy. there is like-
wise an equivalent value y, corresponding to
Q- i =i hy (12)

for thermal energy Q.

. _mg-hy 1
T W

(13).

If thermal energy is produced as a gain
in addition to electrical energy (combined
heat and power generation), Figure 5 ap-
plies.

Area al4b £ Qg in Figure 4 is no longer a
loss in Figure 5. Instead, it is a thermal useful
energy (gain) Qy in Figure 5. For combi-
ned heat and power generation, the assess-
ment will include heat yield « [11] in additi-
on to electricity yield B [equation (7)]:

9&' (14).

“ g - h,

In line with the electrical efficiency (equation
(6)) an efficiency for heat utilisation can be
established

(15).

The sum of the electrical and thermal useful
energy (gain) according to [11] is referred to
as the fuel yield (fuel utilisation factor) w. It
indicates the yield obtained from the fuel
energy flow:

_ Pt Qnuer _

wyh, PO

(16).

The following therefore applies to a plant
that produces useful electrical and thermal
energy (combined heat and power genera-
tion)

useful energy

TRWK = otal energy input 3

_PatQuur _ Pa Quue

Qu o Qu

=nktnw  (17)
or in equations (17), (13), (7). (14) and (16),
Tkwk can also be written as:

P+ Qnuwr =

NKWK = Poi - dn | Quug” i _
Qu

mg-h,  mg-hy
(18).

=(B+0) - Ep =0
This establishes the connection between the

fuel yield @ and the efficiency of the cycle
with combined heat and power generation

(19).

Taking equation (4)

_Ep
Mg 4)

and
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—Ep which is the sum of electrical energy
Peand thermal energy Qwur

Ep=Pe+ Quutz (5)
—and Ew, the energy contained in the waste
Ew =miap - hyar 1)

—combined with the electricity and heat
yields B and « [equations (7) and (14)],

equation (4) can be reformulated:

_ Pat+Quue

- .
M= B ra-w

(20).

The main technical procedure for assessing
the “fuel utilisation™ (@ = fuel yield) is thus
indicated by [11]. In view of this back-
ground, [2] is tailor-made especially for
waste-to-energy plants. Further examples can
be found in [5, 6].

At this point it is worth mentioning that the
aforementioned methodical procedure for ba-
lancing and assessing in technological fields
can generally be applied to other areas such
as:

— The integration of the usage behaviour of
a waste-to-energy plant, i.e. if an energy-
efficient waste-to-energy plant is not able
to transfer the steam it produces to the dis-
trict heating network in summer and is ob-
liged to release this energy “via the roof”
because the consumer does not take it and
waste must be combusted (e.g. [2]):

— Determination of primary and net primary
efficiency® (e.g. [2]);

— General illustration of the process chains
—Waste-to-energy plants with upstream me-

chanical-biological waste treatment etc.
—Biomass power generation, biomass for
producing engine fuel:

— Illustration of coupling processes, i.e. the
illustration of whether, within existing
boundary conditions, it is worthwhile to
use a substitute fuel for a clinker firing
process in the cement industry or also in an
industrial power plant etc. (see e.g. [16]).

Political/Legal Viewpoint

In the draft of the Waste Framework Direc-
tive [3], the R1 factor (to distinguish between
R17 and D10% (R1 as a technical term)) is

8 The primary efficiency takes the additionally
required primary energy (e.g. for the provisi-
on of additional fuels, operating media and
auxiliary materials) into account as an input
in the assessment. When the net primary
efficiency is being determined, this input in
the form of primary energy is theoretically
replaced by the useful energy “produced”.
Only the supplied waste energy remains as
an input and only the net energy resulting
exclusively from the energy content of the
waste remains as useful energy (gain), (see
[2] for more information).

used to answer the question of whether ener-
gy recovery is taking place in a waste-to-
energy plant. This R1 factor is calculated in
compliance with the currently valid Waste
Framework Directive from the relationship:

Ep - (Ef + Ei)

Rl= 597 Ew+ED

(@21).

If for existing plants® R1>0.6, the law deems
the status to be that of energy recovery.

The abbreviations in this formula (21) are ex-
plained below:

— Ew: Ew is the energy flow in the waste
(Ew = mf - hy a¢) and it therefore has the
same meaning as in equation (1),

0.97: with factor 0.97, losses “due to bot-
tom ash and boiler ash as well as ion”

+ Qun- i

n (24).
tiar * huar

With the relationships presented in (7) and
(14), the formula (24) consequently becomes

RI =P do+adp (25)
and with equation (10)

Rl=1+a iy (26).

Since from a political point of view, the equi-
valent for electrical energy is the point of
orientation, that is number 1 in (26), and ther-
mal gain is additional taken into account, it
follows that the R1 factor can be greater than
1. When a plant is being evaluated, however,
average values and not the plant's own equi-
valent values are applied for the practical as-

Icul regulation. These values

are taken into account,

— Ef: Ef is the energy flow in the fuels “con-
tributing to the generation of steam™,

Ei: Ei are other incoming (“imported™)
energy flows that occur for example in
process materials, as condensate returns, as
electrical energy, etc.

— Ep: Ep is the usable (“produced”) energy
flow which consists of electrical energy
and thermal energy Qu (= Quyi). However,
it must be emphasized that the in-plant re-
quirements have been included, i.e. Ep is,
as it were, the “gross™ energy “produced”,
thereby referring to an inner balancing sys-
tem from which in-plant requirements have
not yet been subtracted. It is necessary
to subtract the plant’s power requirements
if the useful energy (gain) is being deter-
mined for an “external consumer”.
Furthermore, the electrical and thermal
energy (“gross energy produced”) thus
presented is still assessed with the equiva-
lence factors . and dy,, i.e.

Ep =Pei et + Qi iy
(according to [3]) (22).

The R1 factor is correspondingly calculated

with the formula:

Py e+ Qun - n— (Ef + Ei)
0.97 - (mhar - hyar + Ef)

Rl = (23).

Assuming that, as it is frequently the case, Ef
and Ei need not be taken into account for a
basic, clear representation, there is a further
simplification, so that instead of factor 0.97,
factor 1 can be used to simplify formula (23)
which results in the following R1 factor:

7 R1 factor in (3] represents the energy recov-
ery process (main use as fuel or other means
of generating energy).

8 D10 in [3] represents thermal elimination
(combustion on land).

9 Condition for energy use [3] for plants appro-
ved before 01.01.2009 R1>0,6 and R1>0,65
for approved after 31.12.2008.

are:

for generating electrical energy in power
plants d = 2.6
and

for the provision of thermal energy in

heating stations &y, = 1.1,
Due to specified physical boundary condi-
tions in waste-to-energy plants, their electri-
cal efficiency is relatively low compared
with other power plants. Therefore, in gene-
ral, the above mentioned average equivalent
values relating to the formula (23) for waste-
to-energy plants provide R1 values that are
less than 1 (R1<1) (down to R1<0.5), even
though, as explained above, values where R1
>1 do occur. There are examples of this in
[5, 6]. The R1 formula only applies to waste-
to-energy plants.

Resumé

.The VDI guideline 3460 [2] is based on
known and proven engineering knowledge
and forms the basis for assessing the ener-
gy efficiency of waste-to-energy plants
with particular reference to optimisation.

(&)

. The R1 formula [3] has a politically regu-
latory function for differentiating between
R1and D10 (R1 as the technical term).

. When differentiating between the two ap-
proaches mentioned above, 1 and 2, it is
unnecessary to refer to R1 in VDI guide-
line 3460.

w

Symbols

Latin Letters

el equivalent value for electrical energy
dn  equivalent value for thermal energy
Ef  fuel energy

Ei other incoming energy

Ep  usable energy
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Ew  waste energy In: Thomé-Kozmiensky. K.J.; Beckmann,

Ever energy losses M. (Hrsg.): Energie a'us'Abfflll - Band 2.
hyar waste — lower heating value TK Verlag Karl Thomé-Kozmiensky, 2007.
hy fuel —lower heating value [ 71 Scholz, R., Beckmann, M., Harnaut, T.,

map  waste mass flow Horeni, M.: Zur systematischen Bewertung
der Energieumwandlungen bei der thermi-
schen Abfallbehandlung. Was ist Energie-
effizienz? In: Thomé-Kozmiensky, K. J.
(Hrsg.): Optimierung der Abfallverbrennung
1. TK Verlag Karl Thomé-Kozmiensky
2004.

mg  fuel mass flow
Py electrical power
Qu»  thermal energy emitted to environ-
ment
Qs thermal useful energy (= Quur). gain
Q.. thermal input (thermodynamic cycle
process) [8
thermal useful energy (= Qu), gain
W, total technical power (thermodynamic
cycle process), gain

Beckmann, M., Horeni, H.: Maglichkeiten
zur Optimierung von Miillverbrennungsan-
lagen durch Einsatz eines Online-Bilanzie-
rungsprogramms. erschienen in: VDI Wis-
sensforum IWB GmbH (Hrsg.): 22. Deut-
scher Flammentag — Verbrennung und Feue-
rungen. Tagung Braunschweig, 21. und 22.
September 2005. VDI-Berichte Nr. 1888,
VDI Verlag GmbH Diisseldorf 2005.

Greek Letters

@ heat yield

B electricity yield

mn efficiency [ 9
mMa  plant efficiency

Mane Det plant efficiency

mr  combustion system/boiler efficiency

mk  electrical efficiency

mkwk combined heat and power efficiency

Mw  thermal efficiency

Beckmann, M., Horeni, M., Metschke, J.
Kriiger, J., Papa. G., Englmaier. L., Busch,
M.: Optimierung von Miillheizkraftwerken
durch Einsatz eines Online-Bilanzierungs-
programms. Erschienen in: Thomé-Koz-
miensky, K. J. (Hrsg.): Optimierung der Ab-
fallverbrennung 2. TK Verlag Thomé-Koz-
miensky, 2005, S. 219 - 239.

) fuel yield

[10] Horeni, M., Beckmann, M., Fleischmann,
H., Barth, E.: Ermittlung von Betriebspara-
metern in Abfallverbrennungsanlagen als
Voraussetzung fiir die weitere Optimierung.
In: Thomé-Kozmiensky, K.J.; Beckmann,
M. (Hrsg.): Energie aus Abfall - Band 2.
TK Verlag Karl Thomé-Kozmiensky. 2007.
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Die Bedeutung der Kraftwerke wird in den
nachsten Jahrzehnten zunehmen.

Deshalb entwickelt Buschjost in den Be-
reichen der konventionellen und nuklearen
Kraftwerke vielfaltige Anwendungen, die
iber Filterabreinigung, Wasserzu- und Ab-
fuhr, Rauchgaswasche, Generatorkiihiung
bis hin zu Dampfanwendungen reichen.
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