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Abstract Industries such as sugar/ethanol and paper/
pulp generate large amount of biomass as by-products that
must be properly handled to avoid environmental damage.
A synergetic alternative to address this issue is to use the
residual biomass as fuel in a cogeneration plant. In this
work, it is presented the development of a knowledge-
based system for conceptual design of biomass cogenera-
tion plants. Elicitation from experts and technical literature
provides knowledge for the base. A knowledge representa-
tion scheme composed of rules, object-oriented and seman-
tic nets because it is flexible enough to cope with future
knowledge base expansion. For rapid prototyping, a shell
is used to implement the knowledge base. As a result, the
system is able to quickly provide high quality conceptual
solutions of biomass-fired cogeneration plants to support
the designer in his/her decision making.

Keywords Cogeneration - Knowledge-based systems -
Biomass - Conceptual design

1 Introduction

Some industries, such as sugar/ethanol and paper/pulp,

generate large amount of biomass as by-products that must
be properly handled to avoid environmental damage. A
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synergetic alternative to address this issue is to use residual
biomass as fuel in a cogeneration plant. Thus, environmen-
tal damage is mitigated while power and useful heat (typi-
cally steam) are simultaneously generated.

A cogeneration plant is a thermal system, i.e., a collec-
tion of components with interrelated performance. Gas tur-
bines fueled by gas generated through biomass gasification
or fuel cells fed by hydrogen obtained also from biomass
gasification are state-of-the-art technologies for cogenera-
tion, but they are still not mature enough to be competitive
[1, 2]. Thus, the main technology commercially available is
the classical Rankine cycle. Biomass is burned in a steam
generator that provides high pressure, superheated steam to
a steam turbine. A generator coupled to the turbine shaft
generates power, and extractions in turbine casing provide
steam at different pressure level for the respective pro-
cesses. In addition, heat exchangers, cooling towers, con-
densate tanks, deaerators, pumps, fans and other compo-
nents are typically found in cogeneration plants. Following
its fundamental concepts, different configurations based on
Rankine cycle have been usually considered to organize the
structural elements of design.

The goal of conceptual design of any mechanical sys-
tem is to generate several alternatives able to meet design
requirements [3]. For cogeneration plants, main design
requirements are power and heat demands. It is essential
to generate alternatives with sufficient quality to merit
further analysis and optimization [4]. In other words, it is
not worth to optimize a design that is bad from the
scratch. Furthermore, the need for increasing efficiency,
cost reduction and environmental impacts minimization
contributes to increase the complexity of energy systems.
Such complexity demands increasing knowledge, creativ-
ity and experience from engineers involved with concep-
tual design, which explain the heuristic nature of the
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problem. This kind of problem can be well approached
through an artificial intelligence technique known as
knowledge-based system.! Knowledge-based systems
(KBS) have been successfully applied to different engi-
neering designs [5—7] and energy system designs [8—11].
This technique is also suited for analytic tasks, such as
diagnostics [12].

The objective of this work is to present a KBS rapid pro-
totype for conceptual design of biomass-fired cogeneration
plants. The use of the KBS is intended to assist the engi-
neer in creating different concepts, because the design of
such plants is inherently complex due to possible existence
of several alternatives that fulfill a certain set of power and
heat demands.

2 Methodology

Conceptual design of energy systems is a feasible domain
for KBS because the required knowledge (the laws of Ther-
modynamics) is well established. The present work focuses
on the first two of four phases of design activity as pro-
posed by Pahl et al. [3]:

(i) Task clarification: information related to the plant
requirements is collected. The result of this phase is the
information specification;

(i) Conceptual design: one or more principle of solu-
tions able to meet the information specified in previ-
ous phase is generated. This is the phase that mostly
demands creativity, experience and knowledge. The
result of this phase is the specification of one or more
principle of solution;

(iii) Preliminary design: a technically feasible, execut-
able solution is generated from a principle of solution
obtained in conceptual phase. This solution is refined
until it is possible to evaluate it economically. The
decisions made here must be mathematically and phys-
ically justified. The result of this phase is the specifica-
tion of a configuration.

(iv) Detailed design: all materials and components are
specified, costs are estimated and documentation (blue-
prints, diagrams) is provided to execute the project.
The result of this phase is the specification of the exe-
cution.

Basically, KBS development involves: a knowledge elic-
itation from acknowledged experts; b knowledge represen-
tation; and ¢ computational implementation.

! Also known as expert systems.
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2.1 Knowledge elicitation

Knowledge elicitation is made mainly through technical lit-
erature [4, 13—16] and unstructured interviews with experts
in the field. In general, such knowledge presents a heuristic
nature. According to Giarratano and Riley [17], “heuristics
are rules of thumb or empirical knowledge gained from
experience that may aid in the solution but are not guar-
anteed to work. However, in many fields, such as medicine
and engineering, heuristics play an essential role in some
types of problem solving”. The knowledge chunks elicited
from the experts are summarized as follows:

a. The main information needed for designing bio-
mass cogeneration plants are thermal and electrical
demands, operating mode (power match or thermal
match), type and availability of fuel, and water avail-
ability for cooling;

b. Operating mode depends on the possibility of com-
mercialization of an eventual exceeding power gen-
erated by the plant. If commercialization is possible,
plant should operate in thermal-match mode. There
are two cases where commercialization is not pos-
sible: (i) local utility has no interest in this type of
business; (ii) plant is stand-alone. In both cases, plant
should operate in power-match mode;

c. There are three possible ways to generate power from
biomass: (i) the most usual is burning biomass in boil-
ers to generate high pressure steam for turbine driv-
ing; (ii) the syngas obtained from biomass gasification
is burned in a gas turbine generator set; (iii) the syn-
gas from gasification is purified to obtain hydrogen
for a fuel cell. Alternatives (ii) and (iii) are still not
mature enough to compete with alternative (i), which
is considered in the KBS;

d. In general, saturated steam is the thermal demand of
industries that have biomass as by-products. There
may be several processes, each one requiring a spe-
cific pressure. Rarely the pressure required in thermal
processes exceeds 2 MPa. Thus, this value is an upper
limit set in the KBS;

e. Steam flow is highly variable depending on the indus-
trial process. An upper limit of 4 kg/s per process is
stipulated. The number of process is limited to 5 (see
item g);

f. In Brazil, the industries that generate biomass as
byproduct and demand steam are rice grain process-
ing, sugar/alcohol mills and pulp/paper mills;

g. In both extraction-condensing and back-pressure tur-
bines, steam at positive pressure is directly extracted
at intermediate points in the turbine casing. Steam
pressure depends on the extraction point location:
the closer the location to the steam inlet, the higher is
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the pressure. In extraction-condensing turbines, there
is an exclusive outlet to steam at negative pressure
for the condenser, on which no <20 % of inlet steam
flow must pass. In back-pressure turbines, there is no
such outlet and the steam at the lowest pressure is
exhausted for the process that requires that pressure.
Turbine casing constructive features limit the number
of extractions to 5.

h. Turbine choice depends on the plant operation mode.
In power-match mode, extraction-condensing turbine
is recommended because it allows a better power gen-
eration control. Back-pressure turbine (BPT) is rec-
ommended for thermal-match mode, which makes the
power generation dependent on the thermal demand.
Extraction-condensing turbines can also be used for
thermal-match mode, but in this case a critical cost
benefit analysis must be performed. It is stipulated
that each plant has only one turbine and the upper
limit for power demand is 30 MW;

i. The efficiency of turbines and pumps is typically
between 0.70 and 0.88 [16]. Flame-tube boilers pre-
sent efficiency between 0.82 and 0.86, and water-tube
boilers between 0.85 and 0.90 [13].

j. Flame-tube boilers generate only saturated steam,
which is not suitable for mechanical driving. Thus,
its use in cogeneration plants requires the adaptation
of a superheater. Although very cost competitive, the
use of flame-tube boilers in cogeneration is rare due
to the constraints on pressure and flow (2.5 MPa and
5.6 kg/s, respectively [13]). Water-tube boilers can
generate both saturated and superheated steam and
present flexible operation, with higher limits of pres-
sure and flow (10 MPa and 41.7 kg/s, respectively
[13]). Despite their high initial cost, water-tube boil-
ers are widely used in cogeneration from biomass;

k. Water availability for cooling determines how heat is
rejected in the condenser. For high availability (e.g.,
a river), the condenser can be a shell-and-tube heat
exchanger, with steam flowing in the shell and fresh
water in the tubes. The alternatives are: (i) condenser
is a shell-and-tube heat exchanger, but water circulates
between the tubes and a wet cooling tower (WCT);
(i1) condenser is a shell-and-tube heat exchanger, but
water circulates between the tubes and a dry cooling
tower; (iii) condenser is a cross-flow heat exchanger
with finned tubes, with the steam circulating inside
the tubes and air blown by a fan passes through the
outside. The last alternative is not common.

2.2 Knowledge representation

In this work, knowledge is represented through a combi-
nation of rules, object-oriented modeling and semantic

Table 1 Conceptual design steps

Step Description Number of rules

1 Circuit selection 15
2 Circuit combination 10
3 Determination of thermodynamic states 23
4 Component sizing 11
5 Explanation (design rationale) 17
6 Output files generation (solution) 2

network. This knowledge representation scheme allows
an adequate code management and system expansion, and
was successfully applied in previous expert systems for
engineering design [5, 11]. Additionally, the plant-object is
modeled as a combination of circuit-objects, each one with
a specific function (e.g., power generation). A circuit is a
combination of components interconnected to perform that
function (e.g., a power generation circuit may be composed
of an extraction-condensing turbine, deaerator, water-tube
boiler, pumps, condenser etc.). If power and steam are
required, the cogeneration plant must be a proper combina-
tion of a power generation circuit with a steam generation
circuit. Note that there may be different circuits perform-
ing the same function, so that different circuit combinations
may be generated to meet the same energy demands.

2.2.1 Rules

The core of the system knowledge base is a predetermined
set of rules obtained through elicitation from technical lit-
erature and acknowledged experts. Rules are a quite natu-
ral way to represent knowledge, especially in domains on
which the knowledge accumulation over the years results
in internal empirical associations, i.e., the heuristics. Each
step of the conceptual phase is related to a group of rules,
as shown in Table 1. Despite the unstructured nature of
KBS, rule grouping brings some structure to the system and
allows a better control of information flow. Current KBS
knowledge base has 78 rules, two of them basically related
to output files generation. Since it is not possible to present
all the rules in this paper, just one rule per step is presented.
The rules are presented in a pictorial fashion to abstract any
detail related to programming syntax, as shown in Figs. 1,
2,3,4,5.

Rule depicted in Fig. 1 controls the KBS information
flow, which is related to the steps shown in Table 1. The
rule identifies the end of each step, invalidates the control
fact of the concluded step and creates the control fact of the
new step.

There are four premises in the rule shown in Fig. 2. The
first one is the control fact assuring that KBS is performing
inferences related to circuit selection step. The second
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Fig. 1 Control rule

PREMISES

CONSEQUENCES

(CurrentPhase ?cp)

(invalidate-fact (CurrentPhase ?cp))
(invalidate-fact (NextPhase ?np))

NextPhase ?
(NextPhase ?np) (assert-fact (CurrentPhase ?np))
Fig. 2 Rule to select a specific
power generation circuit PREMISES CONSEQUENCES
(CurrentPhase CircuitSelection)
(Application ~”power generation”)
(InletTurbPres ?p&:(< ?p 2500)) CCTFB

Fig. 3 Rule for circuit combi-

CCTFB

components: FB, SH, CDT...
selected: no

components: FB, SH, CDT...
selected: yes

PREMISES

nation

(CurrentPhase CircuitCombination)

CONSEQUENCES

CIRCUIT?

selected: yes

circuitlD: ?cid1&:(¥CBPTWB&~CBPTFB)
function: “power generation” PLANT ?i

(create-Object Plant ?i)

plantiD: Plant ?i

plant: ?i

CIRCUIT?

powerGenCirc: ?cidl

circuitlD: ?cid2

selected: yes

function: “heat rejection”

heatRejCirc: ?cid2

premise relates to the plant application, which cannot’ be
pure power generation in this case. The third premise refers
to the upper limit of pressure in flame-tube boilers (see
Sect. 2.1, item j), i.e., the pressure represented through the
variable ?p can assume any value <2.5 MPa. Last premise
is an object named CCTFB (an acronym to Circuit Con-
densing Turbine Flame-tube Boiler, referring to the main
components of the circuit). This object presents two attrib-
utes: the list of components and whether it is selected. If all
premises are satisfied, the rule changes the selection-attrib-
ute value to yes. Object-oriented modeling is detailed ahead
in Sect. 2.2.2.

2 The ~ symbol represents negation.
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The rule depicted in Fig. 3 combines power gen-
eration circuits with heat rejection circuits. Besides the
control fact, the premises are the objects to be combined.
There is a compatibility criterion explicit in the cir-
cuitID-attribute of the object which the function-attribute
is “power generation”. The criterion is: any power gen-
eration circuit not based on BPT can be combined with
any heat rejection circuit. The rule action is to create a
plant-object that represents the combination of these cir-
cuits. Note that the rule creates as many plants as there
are circuit combinations. Thus, there may be more than
one solution capable to meet the design requirements, a
desirable situation in conceptual design phase according
with Pahl et al. [3]. Similar rules represent knowledge
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Fig. 4 Rule for thermodynamic
state determination

Fig. 5 Rule for boiler sizing

PREMISES

(CurrentPhase PointProperties)

PROCESS?

process-Num: ?pn
pressure: ?pr

CONSEQUENCES

(calculate-ThermState POINT? (p=?pr;x=0))

POINT?

plant: ?pl

out: (Process ?pn)
pressure: ?pr
temperature: t(p=?pr;x=0)
enthalpy: h(p=?pr;x=0)
entropy: s(p=?pr;x=0)
quality: 0

PLANT?
plant: ?pl

POINT?
plant: ?pl
out: (Process ?pn)
pressure:
temperature:
enthalpy:
entropy:
quality:

PREMISES

(CurrentPhase SizingComponents)

PLANT?

plant: ?pl1
boilerHeat:

POINT?

plant: ?pl2&:(?pl2=?pl1)
inlet: WB

flow: ?if

enthalpy: ?ih

POINT?

plant: ?pl3&:(?pl3=?pl1)
outlet: WB
flow: ?0f&:(?0f=7if)

enthalpy: ?oh

CONSEQUENCES

PLANT?

plant: ?pl1
boilerHeat: (?if*(?oh — ?ih))

for combining power generation circuits with steam gen-
eration circuits.

A rule to determine the thermodynamic state in a given
point is depicted in Fig. 4. In this particular case, the points
correspond to the processes outlet and are assumed as
saturated liquid. A plant-object is a rule premise because,
depending on the plant configuration, point labeling can
differ from one plant to another. The rule action is to cal-
culate the thermodynamic state of that object representing
the outlet point of the process ?op. The procedure requires
two thermodynamic properties that in this particular case
are process pressure (?pr) and quality equal to zero. Details

of the implementation of this procedure are given ahead in
Sect. 2.2.3. Similarly, other rules represent the knowledge
to determine the thermodynamic state of other points.

A rule referring to the thermal sizing of component is
shown in Fig. 5. In this particular case, the rule refers to the
calculation of the heat transferred to the boiler. As expected,
there are similar rules for thermal sizing of other compo-
nents. Finally, in Fig. 6 is depicted a rule that explains why
power generation circuit CCTWB? is selected. In this case,
7exp is a string variable with the following value:

3 Circuit Condensing Turbine Water-tube Boiler.
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Fig. 6 Rule to explain the
selection of a specific power
circuit

PREMISES

(CurrentPhase Explanation)
(InletTurbPres ?pr)

CONSEQUENCES

PLANT?

plant: ?pl1

powerGenCirc: CCDTWB

EXPLANATION?

plant: ?pl2&:(?pl2=?pl1)

powerGenCircExp: ?exp

EXPLANATION?

plant: ?pl2&:(?pl2=2pl1)
powerGenCircExp:

POINT

define thermodynamic

states of ¥
DEMAND PLANT EXPLANATION
- meets the - justifies the
POWER GENERATION PROCESS CIRCUIT

Fig. 7 Ontology defined for the considered domain

(?exp

The power circuit CCDTWB has the following com-
ponents: deaerator (DA); deaerator pump (DAP);
water-tube boiler (WB); extraction-condensing tur-
bine (CDT); condenser (CD); and condenser pump
(CDP). This circuit is selected because the water-
tube boiler is suited for the required steam pressure
(’?pr “kPa > 2,5 MPa) and also because extraction-
condensing turbines can be used in both thermal and
power-match mode.

)

Similar rules explain the selection of other circuits, as
well as the plant operation mode.

2.2.2 Object-oriented modeling
Object-oriented modeling allows a proper representation of
the entities related to a synthesis problem. Knowledge rep-

resentation through classes of objects that relates to each
other is known as ontology. The ontology defined for the
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POINT

plant: INTEGER
outlet: SYMBOL
inlet: SYMBOL

flow: FLOAT
pressure: FLOAT
temperature: FLOAT
espc-vol: FLOAT
enthalpy: FLOAT
entropy: FLOAT
quality: FLOAT

calculate-ThermState (p1 vpl p2 vp2)

Fig. 8 Attributes and procedures of point-class

domain considered in the present work is shown in Fig. 7.
Note that defining a specific ontology is a modeling task,
so it is possible to define different ontologies for the same
problem. Depending on the degree of details, the entities
may require several attributes and procedures, defining
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qualitative, quantitative and graphical features for each one. T a7 P v

As an example, Fig. 8 shows the attributes and procedures s — 59 = / T / 3T dpP (6)
P

of the point-class.

The system handles different real entities (e.g., the plant
design and its circuits), so that the ontology depicted in
Fig. 7 contains an embedded framework. This framework
establishes a semantic network that connects all these dif-
ferent entities in a coherent manner. Power-class and
process-class are subclasses of demand-class. Plant-class
meets demand-class and is composed of circuit-class.
Explanation-class embeds the design rationale and the
point-class defines the thermodynamic state of all points of
the plant-class. Design rationale means statements of rea-
soning underlying the design process that explain, derive,
and justify design decisions [18]. It includes not only the
reasons behind a design decision but also the justification
for it, the other alternatives considered, the tradeoffs evalu-
ated, and the argumentation that led to the decision [19].

2.2.3 Thermodynamic state calculation

P—v-T equations are used to calculate the water thermody-
namic state in both superheated and subcooled regions. For
saturation region, [APSW equations [20] are considered. The
TAPSW equations for regions other than saturation are highly
complex and quite hard to be approached in a computer envi-
ronment that does not allow matrix and vector representation.
For superheated and subcooled regions, the P—v—T equations
are Redlich—-Kwong (1) and Tait (2.1, 2.2), respectively:

_ 04615T 43.951
T v —0.001173  v(v+0.001173)T1/2 M

B+P
v =0.001 —3.15 x 10~*log ( + )

B+ 100 @.1)

B =2.996 x 10° + 755.540 — 17.8146% + 6.08 x 10726°
(2.2)

where 6 = T — 298.15.
It is also required the specific heat in both superheated
(3) and subcooled (4) regions.

¢p = 1.79 +0.107 x 10737 + 0.586 x 107°T
~02x107°7° 3)

¢p =5111—9343T +0.7117% —2.88 x 107°7? (4)

Enthalpy and entropy are then calculated through (5)
and (6), respectively.

T P
)
h—hoz/cpdT-i—/ v—T 2| )ap 5)
oT |,
To Py

To Py

Subscript 0 refers to an arbitrary reference state chosen as
T, = 273.15 K; P, = 0.6108 kPa; hy = 0 kl/kg; s, = 0 kJ/
kgK. Note that the procedure previously described allows
the direct calculation of enthalpy and entropy (and also spe-
cific volume for subcooled liquid) from temperature and
pressure. In order to determine, say, the temperature from
pressure and enthalpy, Eq. (5) is solved iteratively.

2.3 Computational implementation

A rule is a structure composed of a set of premises and a
set of consequences. The value of the set of premises is
tested: if it is true, the set of consequences infer a new set
of premises. The new set can be part of a new rule that can
infer another set of premises and so on, creating an infer-
ence chain. In general, such inferences are too complex to
be developed through classical logic, so that non-mono-
tonic logics are required. Non-monotonic logics keep the
set of premises true until a contradictory premise appears.
The contradiction is eliminated by invalidating one of the
premises related to the contradiction, which requires a truth
maintenance strategy. Therefore, the KBS inference engine
must be able to manipulate non-monotonic logic with a
robust truth maintenance strategy. In order to avoid such
a laborious and highly technical programming, a tool for
KBS implementation should be used, which allows to con-
centrate effort on the knowledge base development.

There are several tools—known as shells—available for
developing expert systems. The choice of a shell must take
into account the inference chain and the form that the knowl-
edge is represented. Design is a synthesis task related to a for-
ward chaining reasoning, i.e., from facts it is reached a conclu-
sion or solution. As seen in previous section, the knowledge
is represented by rules, object-oriented modeling and semantic
network. CLIPS [21] is a forward chaining shell based on pat-
tern-matching architecture, where the knowledge can be repre-
sented in the form of rules, functions and object-oriented pro-
gramming. CLIPS was originally developed by the NASA’s
Software Engineering Division. Nowadays it is public domain
software that is maintained independently. Particularly, CLIPS
allows the implementation of rules, object-oriented modeling
and procedural functions, which is crucial to obtain a manage-
able and expandable knowledge representation scheme previ-
ously mentioned. On the other hand, CLIPS does not support
matrix and vectors representation, which prevented the use of
the more complex and accurate equations from IAPSW.

KBS prototype functional structure is presented in
Fig. 9. User communicates with the prototype through a
graphical interface developed in Java. The input data are
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Graphic interface input data
(Java) Knowledge base
rules
clips.dll
object-oriented
procedural
proposed solutions output data functions
(txt filesy | T
Fig. 9 KBS prototype functional structure
Table 2 Case study design requirements
Requirement Value
Steam at turbine inlet
Pressure (KPa) 6000
Temperature (K) 750
Power
Demand (kW) 1000
Average daily consumption (kWh) 20,000
Number of thermal processes 3
Process #1
Pressure (KPa) 2000
Flow (kg/s) 4
Water consumed (%) 50
Steam condition Saturated
Process #2
Pressure (KPa) 1500
Flow (kg/s) 3
Water consumed (%) 0
Steam condition Superheated
Process #3
Pressure (KPa) 1000
Flow (kg/s) 2
Water consumed (%) 20
Steam condition Saturated
Access for cooling water Limited

design requirements supplied by user. The data are pro-
cessed by a dynamic-link library that contains the inference
engine. Once the solutions are created, the inference engine
exports them to a txt file.

3 Results

Due to the very nature of the design activity, i.e., synthe-
sizing design requirements into conceptual solutions, it is

@ Springer

Menu
Dados de Entrada | Dados do 1* Processo | Dados do 2* Processo

Qual a pressao (kPa) do processo ? (maximo 2000.0 kPa)

[Qual a vazio (kg/s) deste processo ? (maximo 4.0 kg's)

Este processo consome (ou inutiliza) dgua ?
Sim Nio

Este processo admite superaquecimento?
Sim

0BS: Apds inserir a

enter, repita para a vazdo.

Fig. 10 Data input window

virtually impossible to show all the results that can be gen-
erated by the KBS prototype. Thus, a representative case
study is executed by the KBS. Case study design require-
ments are presented in Table 2. Power and steam demands
of a sugarcane industry should be met by a plant and the
exceeding power can be commercialized.

Data input is made through the window shown in
Fig. 10. After confirming all input data, KBS executes the
inference chain and generates output files, one file per con-
ceptual solution. In this case study, KBS generates three
different conceptual solutions; the first one is presented in
Table 3.

Output file is organized in three parts: (i) plant perfor-
mance; (ii) thermodynamic state of each point; (iii) design
rationale. The solution presented in Table 3 is described
as follows. Biomass is burned in a water-tube boiler (WB)
to provide high pressure, superheated steam. The steam is
expanded in a BPT to generate power. Three extractions
in the turbine casing provide steam for the respective pro-
cesses. Since processes #1 (PR1) and #3 (PR3) demand sat-
urated steam, desuperheaters (DS1 and DS3) are required
upstream the respective processes. Part of the condensate
generated by these processes is pumped back (DSP1 and
DSP3, respectively) to the superheaters to transform super-
heated steam extracted from the turbine into saturated
steam. Process #2 (PR2) can use superheated steam, so
that no desuperheated is required. Because process #1 has
the higher pressure, no pump is required to send the con-
densate of this process to the deaerator (DA). On the other
hand, pumps (PRP2 and PR3) are required to send the con-
densate formed in processes #2 and #3 to the deaerator. The
deaerator also receives make-up water to compensate the
losses in processes #1 and #3. Thus, the condensate stored
in the deaerator is a mixture of make-up water and con-
densate processes and is pumped back (DAP) to the boiler,
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Table 3 Conceptual solution #1/3

Plant 1: thermal-match operation
Application: sugar/cane industry
Power generation performance parameters
Generated power: 2328.593 kW
Net power: 2286.834 kW
Exceeding power: 1286.834 kW
Power required in the deaerator pump: 41.759 kW
Power required in the process pump 2: 1.578 kW
Power required in the process pump 3: 1.607 kW
Thermal performance parameters
Heat required in the boiler: 22980.425 kW
Heat required in the process 1: 7559.366 kW
Heat required in the process 2: 6723.854 kW
Heat required in the process 3: 4029.316 kW
First law efficiency
Power: 0.0995
Thermal: 0.7969
Overall: 0.8964

Thermodynamic state

Point Outlet Inlet m(kg/s) P(kPa) T(K) h(kl/ s(kl/ X0

kg) kgK)
DA DAP 8408 20000 4215 631.7 1.84 Subcool
DAP WB 8408  6000.0 4227 636.6 1.84 Subcool
WB  BPT 8408 60000 750.0 3369.9 6.829 Superheat
BPT DS1 3567 20000 619.0 3137.8 6.966 Superheat
DS1 PRI 4000 20000 4855 27982 6339 1.0

PRI DSP1 2.000
DSP1 DA 1.567
DSP1 DS1  0.433
BPT PR2 3.000
10 PR2  PRP2 3.000

2000.0 4855 9084 2446 0.0
2000.0 4855 9084 2446 0.0
2000.0 4855 9084 2446 0.0
1500.0 590.1 3085.7 7.007 Superheat
1500.0 471.4 8445 2314 0.0

O 0 N N B W =

11 PRP2 DA  3.000 2000.0 471.6  845.0 2.329 Superheat
12 BPT DS3 1.840 1000.0 552.7 3017.8 7.068 Superheat
13 DS3 PR3 2.000 1000.0 453.0 2777.1 6.585 1.0

14 PR3 DSP3 1.600
15 DSP3 PRP3 1.440
16 PRP3 DA 1.440

1000.0 453.0 7624 2.138 0.0
1000.0 453.0 7624 2.138 0.0
2000.0 4533  763.6 2.145 Subcool

closing the cycle. The diagram for this conceptual solution
can be obtained from the inlet/outlet information presented
in Table 3 and it is presented in Fig. 11.

The second conceptual solution is presented in Table 4.
Biomass is burned in a water-tube boiler (WB), but steam
is provided to an extraction-condensing turbine (CDT) to
generate power. Like solution #1, three extractions in tur-
bine casing provide steam for the respective processes.
Process steam streams from turbine extractions to deaera-
tor are exactly the same for solutions #1 and #2. Addition-
ally, the extraction-condensing turbine has an outlet for the
condenser (CD), so that the very low pressure condensate

Table 3 continued

Thermodynamic state

Point Outlet Inlet m(kg/s) P(kPa) T(K) hk)/  ski/ X0

kg) kgK)
7624 2.138 0.0
1052 0.365 Subcool

17 DSP3 DS3  0.160
18 env DA 2.400

1000.0  453.0
2000.0  298.0

*** Design rationale: explanations for the plant 1 conceptual design

* Regarding the operation mode—Generally, plants operating in ther-
mal-match mode are more efficient. However, the plant must be con-
nected to the grid in order to either sell exceeding power or purchase
power to complement the demand. In the present case, the plant can
sell 1286.8 kW to the grid

* Regardin the plant configuration—Plant 1 is composed of 1 power
generation circuit (CBPTWB) and 3 steam generation circuit(s)
(CSCD1 CSGP2 CSGDP3). There is no need for a heat rejection cir-
cuit becuse the turbine is a back-pressure one

* Regarding the power generation circuit—The CBPTWB circuit
is composed of deaerator (DA), deaerator pump (DAP), water-tube
boiler (WB) and back-pressure turbine (BPT). The circuit is selected
because the water-tube boiler is well suited for the required pressure
(6000 kPa > 2000 kPa). Furthermore, the back-pressure turbine is
recommended for thermal-match mode

* Regarding the steam generation circuit(s)—The CSCD1 circuit is
composed of desuperheater (DS1), the process 1 itself (PR1) and a
small pump (DSP1) to feed the desuperheater. This is the process
with the highest pressure and admits only saturated steam. Part of
the condensate generated in the process is pumped back to the desu-
perheater in order to transform the superheated steam extracted from
the turbine into saturated steam. No pump is required to send the
condensate directly to the deaerator. Thus, the pressure of process 1
(2000 kPa) determines the deaerator operating pressure

The CSGP2 is composed of the process 2 itself (PR2) and a pump to
return the condensate (PRP2). The circuit is selected because process
2 admits superheated steam from turbine extraction. The condensate
is sent to the deaerator through a pump. Thus, the pump should raise
the condensate pressure from process 2 (1500 kPa) to the deaerator
pressure (2000 kPa)

The CSGDP3 is composed of desuperheater (DS3), the process 3
itself (PR3), a small pump (DSP3) to feed the desuperheater and a
pump to return the condensate (PRP3). The circuit is selected because
process 3 admits saturated steam. Part of the condensate generated in
the process is pumped back to the desuperheater in order to transform
the superheated steam extracted from the turbine into saturated steam.
The condensate is sent to the deaerator through a pump. Thus, the
pump should raise the condensate pressure from process 3 (1000 kPa)
to the deaerator pressure (2000 kPa)

generated in this component is pumped (CDP) directly to
the deaerator (DA). Like solution #1, deaerator also receives
make-up water. In this case, condensate stored in the deaera-
tor is a mixture of make-up water and condensate from pro-
cesses and condenser. The deaerator mixture is then pumped
back (DAP) to the boiler, closing the cycle. The condenser
is cooled by water coming from a dry cooling tower (DCT),
which exchanges sensible heat with ambient air. The dia-
gram of this solution is depicted in Fig. 12.

The only difference between the third conceptual solu-
tion (Table 5) and the second one is the condenser cooling,
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Fig. 11 Diagram of the concep-

tual solution #1/3
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which is performed by water coming from a WCT, which
exchanges sensible and latent heat with ambient air. The dia-
gram of the third conceptual solution is presented in Fig. 13.
A comparison between solutions performance is pre-
sented in Table 6. In solution #1, all steam extracted from the
turbine is used in the processes, a condenser is not required
and heat rejection for the environment is avoided. Thus, this
is the solution that presents the higher overall first Law effi-
ciency. On the other hand, it presents the lowest power gen-
eration capacity and also the lowest power generation effi-
ciency, which is expected due to the use of BPT. The overall
efficiency of solutions #2 and #3 is lower than the solu-
tion #1, but the power generation efficiency is greater. The
exceeding power is also greater in these solutions, so that the
revenue from the exceeding power commercialization may
compensate the higher investment in an extraction-condens-
ing turbine. As expected, the thermal-match operation results
in exceeding power generation for commercialization for all
solutions. As mentioned before, the only difference between
the second and third conceptual is the condenser cooling.
Due to some simplified hypothesis discussed in the next sec-
tion, performance parameters of these solutions are equal.

4 Discussion

Some strong hypotheses are considered in KBS knowledge
base. Boiler, turbine and pump efficiencies are considered

@ Springer

constant and equal to 0.90, 0.73 and 0.85, respectively.
However, it is well known that larger components have
higher efficiency [13, 16]. Another simplification is consid-
ering condenser heat rejection independent on the cooling
mode. For wet and dry towers, heat rejection is strongly
dependent on the environmental conditions. Since wet
towers mostly exchange latent heat, wet-bulb tempera-
ture plays a role as fundamental as dry-bulb temperature
on the tower performance. On the other hand, dry towers
exchange exclusively sensible heat, so that the dry-bulb
temperature plays the major role on the performance. The
reason for these simplifications is the focus on conceptual
design, i.e., in determining one or more principles of solu-
tion able to meet design requirements. This is the design
phase that demands more creativity and expertise from
the engineer. By emulating that capacity, KBS is also able
to create principles of solution. In its turn, performance
parameters calculation is related to the preliminary design
phase (see Sect. 2, items ii and iii). The KBS prototype can
approach these calculations through conventional algorith-
mic functions, without the need to manipulate heuristic
knowledge typically related to the conceptual design.
Regarding the figures related to the steam properties pre-
sented in Tables 3-5, it should be noted that there are errors
up to 2 % in the superheated and subcooled regions when
compared to the IAPWS [20] formulation. The reason for that
is the use of simpler P-v-T equations to derive other prop-
erties, as shown in Sect. 2.2.3. This approach is considered
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Table 4 Conceptual solution #2/3 Table 4 continued
Plant 2: thermal-match operation Thermodynamic state
Application: sugar/cane industry Point Outlet Inlet m(kg/s) P(kPa) T(K) h(kl/kg) skI/  X()
Power generation performance parameters kgK)
Generated power: 4295.396 kW 21 env DA 2400 2000.0 298.0 105.2 0.365 Subcool
Net power: 4237.948 kW 22 DCT CD - - - - - Subcool
23 CD DCT - - - - - Subcool

Exceeding power: 3237.948 kW

Power required in the deaerator pump: 52.932 kW

Power required in the condenser pump: 4.516 kW

Power required in the process pump 2: 1.578 kW

Power required in the process pump 3: 1.607 kW
Thermal performance parameters

Heat required in the boiler: 3077.201 kW

Heat rejected in the condenser: 5145.903 kW

Heat required in the process 1: 7559.366 kW

Heat required in the process 2: 6723.854 kW

Heat required in the process 3: 4029.316 kW
First law efficiency

Power: 0.1409

Thermal: 0.6089

Overall: 0.7498

Thermodynamic state

Point Outlet Inlet m(kg/s) P(kPa) T(K) h(kJ/kg) ski/ X0

kgK)
1 DA DAP 10.658 20000 4215 631.7 1.84  Subcool
2 DAP WB  10.658 60000 4227 636.6  1.84  Subcool
3 WB CDT 10658 6000.0 750.0 3369.9 6.829 Superheat
4 CDT CD 2250 123 3230 24958 7.783 0.96
5 CD CDP 2250 123 3230 2087 0702 0.0
6 CDP DA 2250 20000 3235 2107  0.702 Subcool
7 CDT DSI 3567 2000.0 619.0 3137.8 6.966 Superheat
8 DSl PRI  4.000 20000 4855 27982 6339 1.0
9 PRI DSPI 2000 20000 4855 9084 2446 0.0
10 DSPI DA 1.567 20000 4855 9084 2446 0.0
11 DSPI DSI 0433 2000.0 4855 9084 2446 0.0
12 CDT PR2  3.000 1500.0 590.1 3085.7 7.007 Superheat
13 PR2 PRP2 3.000 15000 4714 8445 2314 0.0
14 PRP2 DA 3.000 20000 471.6 8450  2.329 Subcool
15 CDT DS3 1840 1000.0 552.7 3017.8 7.068 Superheat

16 DS3 PR3 2.000
17 PR3 DSP3  1.600
18 DSP3 PRP3  1.440
19 PRP3 DA 1.440
20 DSP3 DS3 0.160

1000.0 453.0 2777.1 6.585 1.0
1000.0 453.0 762.4 2.138 0.0
1000.0 453.0 762.4 2.138 0.0
2000.0 4533 763.6 2.145
1000.0 453.0 762.4 2.138 0.0

Subcool

because IAPWS equations for these regions have tens of
terms and coefficients, which makes them very difficult to
handle computationally in an environment that provides no
vectors or matrix capabilities, such as CLIPS. On the other

*#% Design rationale: explanations for the plant 2 conceptual design

* Regarding the operation mode—Generally, plants operating in ther-
mal-match mode are more efficient. However, the plant must be con-
nected to the grid to either sell exceeding power or purchase power
to complement the demand. In the present case, the plant can sell
1286.8 kW to the grid

* Regarding the plant configuration—Plant 2 is composed of 1 power
generation circuit (CCDTWB), 3 steam generation circuit(s) (CSCD1
CSGP2 CSGDP3) and 1 heat rejection circuit (CHRDT)

* Regarding the power generation circuit—The CCDTWB circuit
is composed of deaerator (DA), deaerator pump (DAP), water-tube
boiler (WB), condensing turbine (CDT), condenser (CD) and con-
denser pump (CDP). The circuit is selected because the water-tube
boiler is well suited for the required pressure (6000 kPa > 2000 kPa).
Furthermore, the condensing turbine is recommended for both power-
match and thermal-match modes

* Regarding the steam generation circuit(s)—The CSCD1 circuit is
composed of desuperheater (DS1), the process 1 itself (PR1) and a
small pump (DSP1) to feed the desuperheater. This is the process
with the highest pressure and admits only saturated steam. Part of the
condensate generated in the process is pumped back to the desuper-
heater to transform the superheated steam extracted from the turbine
into saturated steam. No pump is required to send the condensate
directly to the deaerator. Thus, the pressure of process 1 (2000 kPa)
determines the deaerator operating pressure

The CSGP2 is composed of the process 2 itself (PR2) and a pump to
return the condensate (PRP2). The circuit is selected because process
2 admits superheated steam from turbine extraction. The condensate
is sent to the deaerator through a pump. Thus, the pump should raise
the condensate pressure from process 2 (1500 kPa) to the deaerator
pressure (2000 kPa)

The CSGDP3 is composed of desuperheater (DS3), the process 3
itself (PR3), a small pump (DSP3) to feed the desuperheater and a
pump to return the condensate (PRP3). The circuit is selected because
process 3 admits saturated steam. Part of the condensate generated in
the process is pumped back to the desuperheater in order to transform
the superheated steam extracted from the turbine into saturated steam.
The condensate is sent to the deaerator through a pump. Thus, the
pump should raise the condensate pressure from process 3

(1000 kPa) to the deaerator pressure (2000 kPa)

* Regarding the heat rejection circuit—The CHRDT circuit is com-
posed of a pump that moves water from a dry cooling tower to the
condenser. After the heat exchanging in the condenser, the water
returns to the tower to be cooled exclusively through sensible heat
exchanging. This is the less efficient mode for condenser cooling and
may require quite high towers to allow a proper natural circulation of
air. Its performance is strongly dependent on the environmental con-
ditions, especially the dry-bulb temperature. On the other hand, dry
towers do not require mechanical driving for air moving; also, there is
virtually no water loss, which makes them well suited for low avail-
ability of water
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Fig. 12 Diagram of the concep-
tual solution #2/3
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hand, the IAPWS equations for the saturated regions are sim-
pler and their implementation in CLIPS is easily made.

Since the KBS is a supporting tool that provides work-
able principles of solution, the final decision is up to the
designer and depends mainly on economic and environ-
mental restrictions. For example, using water from a river
for condenser cooling is probably the most cost-effective
alternative, but it also presents several environmental bar-
riers to be accepted. The efficiency is the most important
parameter of performance, but it does not mean that other
parameters can be disregarded. For instance, conceptual
solution #1 presents the highest efficiency, but it also pre-
sents the lowest exceeding power. Therefore, the lower rev-
enue from the commercialization of the exceeding power
may contribute to reduce the economic attractiveness of
this solution. On the other hand, conceptual solution #2 is
less efficient, but it may present higher income from sell-
ing the exceeding power. However, from an environmental
point-of-view, especially those related to pollutant emis-
sions, the most efficient concept is desirable. In scenarios
in which emissions are taxed, plants that are more efficient
can become more attractive.

As can be noted from this discussion, there are many
objectives and restrictions that difficult the designer to
make a decision, so that optimization techniques should be
considered. There are several works in the literature deal-
ing with this subject in the field of thermal/energy systems
[4, 22-24]. The main role of the KBS proposed here is to
provide high quality conceptual solutions that have suffi-
cient merit to be optimized, a requirement pointed out by
Bejan et al. [4]. The refinement of the conceptual solution
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is performed during the preliminary design step of the
methodology proposed by Pahl et al. [3] and it is out of the
scope of the present work.

Finally, it must be emphasized that the KBS presented
here is a rapid prototype, i.e., a working version of the
system that allows to identify any gaps, inconsistencies or
errors in the implemented knowledge base, so that (i) cor-
rections can be made immediately, and (ii) new knowledge
can be incrementally added to the knowledge base [17].
Thus, the development of any KBS is an endless working
in progress, since an “expert system can never really be fin-
ished—it only keeps getting better” [17]. Such a constant
knowledge base expansion requires a knowledge represen-
tation scheme flexible enough, as the combination of rules,
object-oriented and semantic network described in Sect. 2.

5 Conclusion

In the present work, it was demonstrated the development
of a KBS for conceptual design of biomass cogeneration
plants. Elicitation from experts and technical literature
provided the knowledge for the base. The knowledge rep-
resentation scheme was detailed focusing on its flexibility
to cope with future knowledge base expansion. The use of a
shell to implement the knowledge base proved to be crucial
for rapid prototyping. On the other hand, some shell limita-
tions prevented a highly accurate calculation of steam prop-
erties for superheated and subcooled regions, so that P—v—T
equations were considered. Despite the assumption of some
oversimplified hypothesis, the system was able to quickly
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Table 5 Conceptual solution #3/3 Table 5 continued
Plant 3: thermal-match operation Thermodynamic state
Application: sugar/cane industry Point Outlet Inlet m(kg/s) P(kPa) T(K) h(kJ/kg) ski/ X0
Power generation performance parameters kgK)
Generated power: 4295.396 kW 21 env DA 2.400 2000.0 298.0 105.2 0.365 Subcool
Net power: 4237.948 kW 22 DCT CD - - - - - Subcool
23 CD DCT - - - - - Subcool

Exceeding power: 3237.948 kW

Power required in the deaerator pump: 52.932 kW

Power required in the condenser pump: 4.516 kW

Power required in the process pump 2: 1.578 kW

Power required in the process pump 3: 1.607 kW
Thermal performance parameters

Heat required in the boiler: 3077.201 kW

Heat rejected in the condenser: 5145.903 kW

Heat required in the process 1: 7559.366 kW

Heat required in the process 2: 6723.854 kW

Heat required in the process 3: 4029.316 kW
First law efficiency

Power: 0.1409

Thermal: 0.6089

Overall: 0.7498

Thermodynamic state

Point Outlet Inlet m(kg/s) P(kkPa) T(K) hkl/kg) skl/ X0

kgK)
1 DA  DAP 10.658 2000.0 421.5 631.7 1.84  Subcool
2 DAP WB  10.658 6000.0 4227 636.6  1.84  Subcool
3 WB  CDT 10.658 6000.0 750.0 3369.9 6.829 Superheat
4 CDT CD 2250 123 323.0 24958 7.783 0.96
5 CD CDhP 2.250 12.3 323.0 208.7 0.702 0.0
6 CDP DA 2.250 2000.0 323.5 210.7  0.702 Subcool
7 CDT DS1 3.567 2000.0 619.0 3137.8 6.966 Superheat
8 DSI PRl 4.000 20000 4855 2798.2 6.339 1.0
9 PR1  DSP1 2.000 2000.0 4855 908.4 2446 0.0
10 DSP1 DA  1.567 2000.0 4855 9084 2446 0.0
11 DSP1 DSI 0433 20000 4855 9084 2446 0.0
12 CDT PR2  3.000 1500.0 590.1 3085.7 7.007 Superheat
13 PR2  PRP2 3.000 1500.0 4714 8445 2314 0.0
14 PRP2 DA  3.000 20000 471.6 8450  2.329 Subcool
15 CDT DS3 1.840 1000.0 5527 3017.8 7.068 Superheat

16 DS3 PR3  2.000
17 PR3 DSP3 1.600
18 DSP3 PRP3 1.440
19 PRP3 DA 1.440
20 DSP3 DS3  0.160

1000.0 453.0 2777.1 6.585 1.0
1000.0 453.0 7624  2.138 0.0
1000.0 453.0 7624  2.138 0.0
2000.0 453.3 763.6  2.145
1000.0 453.0 7624  2.138 0.0

Subcool

provide high quality conceptual solutions to support the
designer in his/her decision making. Since the knowledge
representation scheme is flexible enough to cope with new

*#* Design rationale: explanations for the plant 3 conceptual design

* Regarding the operation mode—Generally, plants operating in ther-
mal-match mode are more efficient. However, the plant must be con-
nected to the grid to either sell exceeding power or purchase power
to complement the demand. In the present case, the plant can sell
1286.8 kW to the grid

* Regarding the plant configuration—Plant 2 is composed of 1 power
generation circuit (CCDTWB), 3 steam generation circuit(s) (CSCD1
CSGP2 CSGDP3) and 1 heat rejection circuit (CHRWT)

* Regarding the power generation circuit—The CCDTWB circuit
is composed of deaerator (DA), deaerator pump (DAP), water-tube
boiler (WB), condensing turbine (CDT), condenser (CD) and con-
denser pump (CDP). The circuit is selected because the water-tube
boiler is well suited for the required pressure (6000 kPa > 2000 kPa).
Furthermore, the condensing turbine is recommended for both power-
match and thermal-match modes

* Regarding the steam generation circuit(s)—The CSCD1 circuit is
composed of desuperheater (DS1), the process 1 itself (PR1) and a
small pump (DSP1) to feed the desuperheater. This is the process
with the highest pressure and admits only saturated steam. Part of the
condensate generated in the process is pumped back to the desuper-
heater to transform the superheated steam extracted from the turbine
into saturated steam. No pump is required to send the condensate
directly to the deaerator. Thus, the pressure of process 1 (2000 kPa)
determines the deaerator operating pressure

The CSGP2 is composed of the process 2 itself (PR2) and a pump to
return the condensate (PRP2). The circuit is selected because process
2 admits superheated steam from turbine extraction. The condensate
is sent to the deaerator through a pump. Thus, the pump should raise
the condensate pressure from process 2 (1500 kPa) to the deaerator
pressure (2000 kPa)

The CSGDP3 is composed of desuperheater (DS3), the process 3
itself (PR3), a small pump (DSP3) to feed the desuperheater and a
pump to return the condensate (PRP3). The circuit is selected because
process 3 admits saturated steam. Part of the condensate generated
in the process is pumped back to the desuperheater to transform the
superheated steam extracted from the turbine into saturated steam.
The condensate is sent to the deaerator through a pump. Thus, the
pump should raise the condensate pressure from process 3

(1000 kPa) to the deaerator pressure (2000 kPa)

* Regarding the heat rejection circuit—The CHRWT circuit is com-
posed of a pump that moves water from a wet cooling tower to the
condenser. After the heat exchanging in the condenser, the water
returns to the tower to be cooled through both sensible and latent
heat exchanging. This is a reasonably efficient mode for condenser
cooling, but its performance is strongly dependent on the environ-
mental conditions, especially the dry and wet-bulb temperatures. On
the other hand, wet towers do require mechanical driving for air mov-
ing; also, the evaporated water in the latent heat exchanging must be
refilled, which demands some availability of water
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Fig. 13 Diagram of the concep-
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Tablg 6 Comparison between Performance parameters Solution #1 Solutions #2 and #3
solutions
Power (kW)
Generated power 2328.593 4295.396
Net power 2286.834 4237.948
Exceeding power 1286.834 kW 3237.948
Power required in the deaerator pump 41.759 52.932
Power required in the condenser pump - 4.516
Power required in the process pump 2 1.578 1.578
Power required in the process pump 3 1.607 1.607
Thermal (kW)
Heat required in the boiler 22980.425 3077.201
Heat rejected in the condenser - 5145.903
Heat required in the process 1 7559.366 7559.366
Heat required in the process 2 6723.854 6723.854
Heat required in the process 3 4029.316 4029.316
First law efficiency
Power 0.0995 0.1409
Thermal 0.7969 0.6089
Overall 0.8964 0.7498

knowledge, it is expected that the rapid prototype presented
here keeps evolving towards a more robust and reliable
expert system.
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