
Black liquor (BL) evaporation is the process by which 
black liquor, a kraft pulping waste stream, is con-
centrated from ~15% to ~75% total dissolved solids 

(TDS). Once the stream reaches ~75% TDS, it can be fed 
into a recovery boiler and used as fuel. BL evaporation is 
crucial to the feasibility of kraft pulping as it takes a con-
tinuous, multi ton per hour, hazardous waste stream and 
repurposes it as an energy source, while simultaneously 
recovering spent pulping chemicals [1,2].

Black liquor evaporators
Pulp mills use multi-effect evaporators (MEEs) to concen-
trate the BL stream. The MEEs operate at higher energy 
efficiencies than single-effect evaporators by using one 
evaporator’s vapor product as the next evaporator’s heat 
source [2]. In many MEE configurations, flash separation 
tanks vaporize part of each evaporator’s condensate stream 
and add that water vapor to the next evaporator’s steam 
stream, further improving the overall energy efficiency [1]. 
MEEs separate water from BL solids quickly, effectively, and 
relatively efficiently.

Despite the maturity of MEE technology and its improve-
ments to energy efficiency over time, BL evaporation still 
accounts for a significant portion of energy and steam use 
in pulp mills. The process accounts for 13.1% to 16.5% of 
the total energy used in the pulp and paper industry and 
roughly 10% of the direct costs of pulp production [3]. 

Pulp mills’ throughputs are often constrained by their 
evaporators due to the high capital costs of BL evaporators 
and the frequent downtime needed to clean and maintain 
them. Evaporator-constrained mills could improve their 
overall production capabilities by increasing the capacity 
of their evaporator trains, either by adding more evapora-
tors, or employing another separation technique. 

Membrane systems
Emerging membrane platforms may be able to perform the 
separation between BL and water with lower operational 
and capital costs than evaporators [4,5]. Membrane systems 
separate molecules based on size by applying pressure dif-
ferentials across semipermeable barriers rather than em-
ploying energy-intensive thermal separations [6]. Because 
thermal separations must overcome a phase change from 
liquid to vapor, it would be impossible, even with the best 
available technology, for an evaporator train to reach the 
low energy requirements of a membrane system [7]. If the 
water permeated by these membranes is of a quality that 
can be used elsewhere in the mill or treated in the same 
manner as evaporator condensate, we can assume the over-
all water balance remains the same, regardless of separa-
tion technique.

Membrane systems have already partially or fully re-
placed evaporators in other industries, resulting in substan-
tial cost and energy savings. In the desalination industry, 
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for example, capital and operating costs were cut by 50% 
in the 1960s when water treatment facilities pivoted from 
distillation to reverse osmosis [6]. The same pivot has not 
been seen yet in the pulp and paper industry because mem-
branes have historically been unable to operate in high 
temperature, high pH conditions. New technologies, how-
ever, are being developed that will soon allow for this pos-
sibility [8,9].

If these temperature and pH resistant membranes can 
be produced at scale, they will be able to remove evapora-
tor constraints without capital-intensive investments into 
more or larger evaporators. Membrane systems would not 
fully replace BL evaporators because of the high osmotic 
pressure of strong BL. But they could be installed before 
an evaporator system to perform the first section of BL con-
centration. Membrane “pre-concentration,” potentially up 
to 30%–40% solids, would offset significant energy costs 
and/or increase BL throughput by effectively increasing the 
capacity of already installed MEEs [10].

Despite the potential benefits afforded by membrane 
systems, there has been little analysis on how they will af-
fect the economics of the pulp and paper industry. One 
model, developed for the Agenda 2020 Roadmap, analyzes 
the impact of a membrane pre-concentration step to 30% 
TDS on an evaporator train’s steam usage [11]. That pioneer-
ing work, using precise WinGEMS (Valmet; Espoo, Finland) 
modeling, illustrates gross steam savings of $5.2 million for 
a mill processing 2000 a.d. metric tons/day of pulp with a 
high amount of membrane concentration. However, be-

cause existing mills have already invested in MEEs, it seems 
likely that mills may not see the greatest benefits from using 
a membrane system to pre-concentrate BL all the way to 
30% TDS. Rather, mills may use a membrane system to 
implement more moderate changes to evaporator feed sol-
ids or to increase BL throughput. In doing so, they will take 
advantage of emerging membrane technology, as well as 
already existing evaporators.

In this work, we use an Excel-based model to better un-
derstand the utility of membrane concentration to a kraft 
pulp mill. We report: a) the impact of smaller membrane 
systems that output BL below 30% TDS; b) the change in 
evaporator operating parameters as a function of the in-
crease in feed solids concentration; and c) the effectiveness 
of a membrane system for increasing BL throughput in 
mills constrained by their evaporator trains.

METHODS AND MODELS
Our Excel-based model simulates a 6-effect evaporator 
system, as 6-effect MEEs are currently most common in 
the industry [7]. Although 7-effect MEEs with integrated 
steam strippers are the best available technology, we 
choose to analyze the scenario in which a membrane plat-
form is augmenting the capacity of a 6-effect MEE, since 
this will be applicable to the greatest number of pulp mills. 
Additionally, the results drawn regarding any single MEE 
configuration should still be indicative of larger trends for 
other designs.

Figure 1 shows the flow paths of the steam, conden-

1. Flow paths of steam, condensate, and weak black liquor (BL) streams for one effect in a multi-effect evaporator (MEE). See Table I 
for definition of variables.
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sate, and BL streams for one effect in an MEE. For the first 
evaporator, si is the fresh steam to the MEE and there is no 
ci. Each subsequent evaporator receives its si from the wv 
of its predecessor. For the rightmost evaporator, wLi is the 
fresh BL stream to the system. For all other evaporators, wLi 
is the wLo of that evaporator’s neighbor to the right. Steam 
flows from left to right and BL from right to left. Table I 
defines the variables used in Fig. 1, along with those in Eqs. 
1-9 described in the sections below.

The fresh steam to the system (si) transfers its heat to 
the BL stream (wLi) in evaporator 1. Afterwards, the newly 
condensed water (co) is fed to a flash tank, where a small 
portion of that stream vaporizes and joins the steam inlet 

to the next evaporator. For evaporators beyond the first, the 
steam inlet (si,n+1) is the BL vapor outlet stream from the 
evaporator before (wv) plus the vapor recovered from the 
condensate in the flash tank. The now-concentrated BL liq-
uid outlet (wLo) is simply pumped to the next evaporator, 
where it is further concentrated. The overall flow direction 
of the BL is opposite that of the vapor, as seen in Fig. 1. By 
orienting these paths in opposite directions, the highest 
energy vapor stream sees the most concentrated BL, which 
requires the most energy to be evaporated.

In modeling a multi-effect evaporator system, the two 
governing equations are mass balances and energy bal-
ances for each evaporator. 

Symbol Definition Units

si Steam flow rate in kg/s

T
Steam inlet temperature (this temperature determines the operating temperature of 
the evaporator)

°C

ci Condensate flow rate in kg/s

wLo Liquid black liquor (BL) flow rate out kg/s

xLo BL total dissolved solids (TDS) out %

wv Vapor BL flow rate in kg/s

co Condensate flow rate out kg/s

si,n+1 Steam flow rate to next evaporator kg/s

ci,n+1 Condensate flow rate to next evaporator kg/s

wLi Liquid black liquor flow rate in kg/s

xLi BL TDS in %

qg Heat gained by BL kJ/s

cLi Specific heat of inlet BL kJ/kg*K

λT BL heat of vaporization at evaporator operating temperature kJ/kg

ql Heat lost by steam kJ/s

Hv,T Saturated water vapor enthalpy at evaporator operating temperature kJ/kg

Hl,T Saturated liquid water enthalpy at evaporator operating temperature kJ/kg

ΔTb BL boiling point rise °C

ΔTb50 BL boiling point rise at 50% TDS °C

U Heat transfer coefficient kJ/m2*K

A Heat transfer area m2

Ts Steam temperature °C

TBL BL temperature °C

I. Definition of variables used in Fig. 1 and Eqs. 1-9.
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Mass balances
Steam side
si + ci = co   	                                                          (1)
	
Liquor side
wLi = wLo +  wv                                                               (2)
	
Liquor solids
wLi xLi  = wLo xLo   		                                             (3)

Energy balances
Liquor side
qg  = wLi,n cLi,n (Tn – Tn–1) + wv,nλTn   	                  (4)

Steam side
ql = si (Hv,Tn – Hl,Tn)                                                        (5)
	
Combined
ql  – qg = 0 		                                              (6)

Enthalpies
Saturated pressures, saturated liquid enthalpies, and enthal-
pies of vaporization of water are calculated as functions of 
reduced temperature using equations of state.

The BL liquid enthalpies as a function of temperature 
and TDS are calculated by Eq. 7, a modified linear regres-
sion equation from a data set formulated by Stoy and Fricke 
[12]. Boiling point rise (BPR) of BL is calculated as a func-
tion of TDS using Eq. 8 and a ΔTb50 of 13.2 [1].

(7)
	

  (8)

Model constraints
Our Excel-based model has two major design constraints: 
evaporator properties and overall outlet TDS. The model 
keeps constant major evaporator properties such as heat 
exchanger area, A, and heat transfer coefficient, U, regard-
less of inlet TDS. In reality, it is likely that U would change 
due to the altered TDS profile across evaporators. We sus-
pect that this change in U in the TDS range studied would 
be small (see Appendix). The likely impacts of the expect-
ed changes in U are also highlighted in the Results and 
Discussion section of this paper, but not directly modeled. 
By making this assumption, we were able to use the heat 
transfer equation, Eq. 9, to predict changes in operating 
pressure.

qg  – ql  = U A(Ts – TBL) 		                                (9)

Heat, q, is calculated from energy balances and TBL is the 
sum of ΔTb and the known saturation temperature of water. 

Because these four values (U, A, TBL, and q) are known, we 
can solve for steam temperature, Ts. From steam tempera-
ture, by assuming a saturated vapor, we can derive steam 
pressure. This steam pressure is the evaporator operating 
pressure that would need to be adjusted as the membrane 
system is implemented. Unlike heat exchanger area and 
heat exchanger coefficient, evaporator operating pressure 
is an easily configurable metric for the re-optimization of 
an evaporator system.

The other design constraint is the MEE outlet TDS. We 
choose 50% TDS outlet for this model because it is the point 
at which black liquor’s physical properties start to change 
significantly [13]. This point is known as the critical solids 
and it can vary due to liquor chemistry, but is roughly 50%. 
The most consequential change when liquor reaches the 
critical solids point is in viscosity. Because viscosity rises 
quickly starting around 50% TDS, it is at this point when 
most mills switch to a different type of evaporator. For the 
purposes of this paper, we use “evaporator” to refer to those 
operating below 50% TDS and “concentrator” for those 
above 50% TDS.

One final note pertaining to our MEE modeling is that 
we did not include in this analysis the costs of the mem-
brane system, only its implications on an MEE. As such, the 
results here provide guidance on how to get the most value 
from integrating a membrane system. Results from this ap-
proach should be compared to and optimized against the 
membrane expenses. As previously stated, we expect that 
membrane systems optimized for BL concentration will 
prove quite affordable based on studies in other industries. 
For example, one study looking into the water desalination 
industry demonstrated a ~50% decrease in capital and op-
erating expenses by switching from MEEs to reverse osmo-
sis [6]. The WinGEMS model developed for the Agenda 2020 
Roadmap corroborates this prediction; it calculated $5.2 
million per year in gross steam savings and estimated only 
$2.4 million in electricity for the membrane system, for a 
net savings of $2.8 million/year. 

RESULTS AND DISCUSSION
Using our Excel-based model, we calculate operating con-
ditions and energy/steam savings at a variety of inlet TDS 
concentrations. Typically, mills feed BL at ~14% TDS to their 
evaporator trains. We vary this feed concentration to model 
scenarios in which a membrane system performs a pre-
concentration before the BL is fed to the evaporators. An 
inlet concentration of 22% TDS, for example, corresponds 
to a scenario in which the pre-evaporator membrane sys-
tem is designed to efficiently concentrate BL from 14% to 
22%. 

Steam and cost savings
A pre-concentration membrane system could be imple-
mented before an evaporator train in two distinct ways.  
The first is to use the upgrade in energy efficiency to de-
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crease the energy and money used for the BL separation. 
Figure 2 demonstrates the scenario in which a mill uses 
a membrane system for this purpose. 

As the inlet BL TDS increases, the steam input required 
to perform the separation (green trace) in the evaporator 
decreases because the membrane system reduces the load 
on the evaporator train. Naturally, the bigger the membrane 
system, or the higher the inlet BL TDS, the more steam is 
saved. Based on our analysis, a membrane system capable 
of concentrating BL up to 30% could decrease steam usage 
by 65% (blue trace) for this section of the separation. That 
translates to $5.0 million gross savings per year for a mill 
processing 2000 metric tons/day of BL solids if we assume 
a boiler efficiency of 80% and a steam price of $8 per metric 
ton of steam. The steam savings from smaller membrane 
systems can be seen by moving left along the x-axis.

The net energy savings from a membrane system instal-
lation would be these gross steam savings minus the elec-
tricity cost to pump the black liquor through the mem-
branes. Because this electricity requirement is dependent 
on the often-proprietary design of these new membrane 
systems, it is not detailed here. As discussed in the Mem-
brane Systems section at the beginning of this paper, this 
electrical requirement should be significantly lower than 
the steam savings, even given the typically higher value of 
electricity than fuels.

In Fig. 2, evaporator steam economy (orange trace) rep-
resents the ratio of water evaporated during the process to 
fresh steam input to the process [1]. This metric represents 
how efficiently an evaporator train utilizes steam. In this 
case, it decreases from 4.85 to 3.60 as the feed solids in-
crease. This decrease in steam economy was expected be-
cause higher feed solids result in higher boiling points, and 
higher boiling points result in higher energy demand. 

Given the evaporator system is sized to operate for a high-
er feed rate and lower solids, it is intuitive that it should not 
perform as efficiently in the adjusted conditions. However, 
the moderate reduction in steam economy does not offset 
the decrease in demand on the evaporators. The result is 
still an overall reduction in steam requirements.

Increasing evaporator throughput
Steam is often valued at cents per ton, while pulp is valued 
at hundreds of dollars a ton. For this reason, we investigat-
ed the case in which a mill uses a membrane system to in-
crease production rather than to save steam. It is likely that, 
in this scenario, a mill would actually benefit from some 
combination of increased production and saved steam, but 
for the purposes of generating clear, independent results, 
we assumed no steam savings for this scenario.

Generally speaking, a mill’s rate of pulp production is 
limited by its rate of processing BL; it cannot produce pulp 
faster than it can handle the byproduct. For a mill that is 
constrained by its evaporators and is therefore limited by 
its rate of processing BL, a membrane pre-concentration 
step could be a game changer. By using a membrane sys-
tem to augment evaporator capacity, a mill could increase 
its BL processing capacity and its pulp production. 

To model this scenario, we again increase the inlet con-
centration of the liquor. This time, however, rather than 
fixing the BL solids feed rate, we allow that property to 
vary so that the same amount of steam used was constant. 
The resulting flow rates of BL and BL solids are shown in 
Fig. 3.

For each 2% increase in inlet TDS, BL throughput in-
creases by an average of 3.9% (solid blue trace). Because 
both BL TDS and BL throughput are increasing, BL solids 
throughput, the product of those two metrics, increases 

2. Steam savings from initial concentration of a BL stream with constant BL solids flow rate in and 50% total dissolved solids (TDS) 
BL out.
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more rapidly. For each 2% increase in inlet TDS, BL solids 
throughput increases by an average of 22.6% (solid orange 
trace). This is important, because BL solids throughput in-
crease characterizes a membrane system’s impact on a mill 
constrained by its evaporator train. 

Based on this analysis, a pulp mill’s production could, 
in theory, be doubled by installing a pre-concentration step 
to 25% TDS. In practice though, it would be unrealistic for 
a pulp mill to double production without other costly up-
grades. Still, these results demonstrate how a pre-concen-
tration step could be used to provide a much smaller pro-
duction increase (3% or 5%, for example) as well as 
significant steam savings; any membrane system capacity 
not used to increase BL throughput could be used to de-
crease the necessary steam flow rate.

Additional benefits for concentrators and 
recovery boilers

This analysis shows very explicitly how powerful a mem-
brane system could be for mills constrained by their evap-
orators. However, it is worth considering the potential ben-
efits for additional constraints in the concentrators. As 
previously explained, we use “evaporator” to reference 
evaporators that operate below ~50% TDS, and “concentra-
tor” to reference those operating above ~50% TDS. If a mill’s 
BL concentration is constrained by its concentrators, the 
mill could still augment evaporator capacity by shifting the 
transition point between evaporators and concentrators to 
a higher TDS concentration. The range of concentrations 
over which concentrators must operate can be shortened 
by using a membrane system for the first portion of BL 
concentration and shifting up the TDS values over which 
the evaporators operate. By shortening this range, the con-
centrator throughput could be increased so long as the feed 
to the concentrator remains at or below the first critical 

solids. Burkeite and/or decarbonate crystallization begins 
1% to 5% after the first critical solids, at which point the BL 
must be in the concentrators [14]. 

In addition to potential improvements to evaporator and 
concentrator throughput, membrane systems may also ben-
efit other unit operations not considered in this analysis. 
For example, rather than narrowing the operating range of 
the concentrators or evaporators, their outlet solids concen-
tration (the recovery boiler feed) could be increased, reduc-
ing particulate carryover and addressing airflow limita-
tions. The increase in the feed solids to the evaporator train 
could also increase the concentration in the soap tank (see 
discussion of Fig. 4) and thus improve the removal of valu-
able soaps if that tank is operating below the minimum 
solubility of soap in BL [2]. Improved soap removal could 
have further benefits in the recovery boiler by reducing the 
heat of combustion of the BL.

Operational considerations—TDS profile
Fouling is impacted by major changes in the TDS profile 
across evaporators. For this reason, we examine how the 
membrane pre-concentration step would alter TDS profile 
across a 6-effect evaporator train. Figure 4 shows the TDS 
profile for the scenario in which BL throughput is held con-
stant and steam flow rate is decreased. The results for the 
scenario in which steam flow rate is held constant and BL 
throughput is increased are very similar. As the inlet TDS 
increases, the operating TDS of each evaporator increases. 
The outlet TDS of 50% is held constant because this is 
roughly the point at which mills transition from evapora-
tors to concentrators. 

Although the TDS in each effect changes as the inlet TDS 
increases, the shape of the TDS profile remains constant. 
In other words, the change in operating TDS is well dis-
tributed among all six evaporators. As a result, it is likely 

3. The BL throughput increase from initial concentration of BL stream. Constant steam flow rate in; 50% TDS BL out.
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that mills will have an easier time adjusting to a new TDS 
profile than if there were a more significant change in any 
single evaporator.

The other notable aspect about a changing TDS profile 
is that by using a membrane pre-concentration step, pulp 
mills could gain more control over said TDS profile. Rather 
than treating this change as a consequence of a membrane 
system installation, it could be a design specification that 
mills use to decide how exactly to implement a membrane 
system. By doing so, mills could more precisely control the 
concentration at which processes such as soap skimming 
take place [2].

Operational considerations—operating pressure
The operating pressure of evaporators is another impor-
tant operating parameter for mills to consider. Operating 

pressures are important for evaporator trains because 
they determine the condensation point of the steam. The 
desired operating pressure of the first evaporator is 
achieved by adjusting the supply pressure of fresh steam. 
The desired operating pressure of the final evaporator is 
achieved by pulling a vacuum on the final steam stream 
[1,15]. Intermediate pressures self-equilibrate over the 
initial few hours of operation. Because changing the ini-
tial TDS changes the TDS profile across evaporators, and 
because altered TDS concentrations result in altered sat-
uration temperatures, the operating pressures are affect-
ed when the initial TDS increases. Figure 5 demon-
strates how the operating pressure profile varies 
depending on BL TDS inlet for a scenario in which steam 
flow rate is held constant and BL throughput is increased. 
Again, the resulting figure for the scenario in which BL 

4. The TDS profile at varying BL concentrations with constant BL flow rate, heat exchanger area, and heat transfer coefficient.

5. Operating pressures across a 6-effect evaporator at varying inlet TDS.
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throughput is held constant and steam flow rate is de-
creased is very similar.

As can be seen in Fig. 5, the outlet pressure stays almost 
perfectly constant independently of inlet TDS. All scenari-
os modeled from 14% to 30% inlet TDS resulted in an op-
erating pressure of 18 to 19 kPa in effect 6. This means that 
the vacuum pulled on effect 6 does not need to be adjusted 
to implement a pre-concentration step. Operating pressure 
in effect 1a was found to decrease by only 10 kPa between 
14% and 30% inlet TDS. Because neither pressure changes 
substantially, little to no re-configuration or control up-
grades would be required to implement a membrane pre-
concentration system.

Our assumption that the heat transfer coefficient, U, re-
mains constant regardless of evaporator inlet TDS (at low 
TDS values) should be revisited in the context of the pres-
sure profiles. It may be the case that U does in fact vary 
with evaporator inlet TDS, though we have reason to be-
lieve that change would be minimal (see Appendix for 
further discussion). If U does change, a pulp mill could 
alter the pressure profile of its evaporators to offset that 
change. By slightly increasing the feed pressure of fresh 
steam, a mill could increase the saturated steam tempera-
ture in its evaporators, which in turn would increase the 
temperature difference between steam and BL seen in Eq. 
9. By changing this temperature difference to compensate 
for the change in U, a pulp mill could keep constant Q, the 
heat being transferred between the steam and BL streams. 
And while there is certainly a limit to how far an MEE’s 
pressure profile could be altered, we predict that mills will 
not need to drastically change it. If a detailed understand-
ing of the change in U for different liquor solids in each 
effect was known, mills could further refine the accuracy 
of this analysis.

CONCLUSION
Advanced membrane platforms that can withstand the 
harsh conditions of BL can greatly benefit pulp mills. Pulp 
mills constrained by their evaporator train can use a mem-
brane platform to augment their evaporator capacity and 
increase their total throughput and annual revenue. Our 
analysis found that a membrane system capable of pre-
concentrating BL to 25% could double the BL solids 
throughput of a mill’s evaporators. 

Mills that are not constrained by their evaporator train 
can see benefits from a membrane pre-concentration step 
in the form of steam savings. Our analysis found that a 
membrane system capable of pre-concentrating BL to 30% 
could reduce the steam required to operate an evaporator 
train by 65%. For a mill processing 2000 metric tons per 
day of BL solids, that translates to $5.0 million/year in 
gross savings.

We also investigated the impact of membrane systems 
on evaporator operating parameters, namely TDS and 
pressure profiles. Because an increase to inlet TDS, by 

definition, changes the TDS profile across a multi-effect 
evaporator, a pulp mill may need to monitor the rate at 
which scaling occurs in its evaporators and adjust mainte-
nance protocol accordingly. However, based on our find-
ings that the change in TDS profile is well distributed 
across evaporator effects, we suspect this maintenance 
adjustment would be minimal. We also found that a mem-
brane pre-concentration step would impact steam pres-
sures minimally, if at all.

Regardless of how a membrane system is implemented 
in a pulp mill, whether it is used to augment evaporator 
capacity or decrease steam usage, the end result is the 
same: the energy efficiency, or the pulp throughput per 
energy used, will increase and the steam usage per pulp 
throughput will decrease. TJ
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APPENDIX
For both heat transfer area and heat transfer coefficient, we 
used the values in Table A-I proposed by Empie, Frederick 
and Clay in Black Liquor Evaporation [1].

A-I. Values for constant heat transfer areas, A, and heat transfer 
coefficients, U [1].

All four sets of results presented in this analysis—the two 
installation options and two operating considerations—
were modeled with the assumption of a constant heat 
transfer area, A, and constant heat transfer coefficient, U. 
A constant heat transfer area was assumed because in-
stalling a membrane system has no effect on the physical 
design of an already installed evaporator train. 

The justification for a constant heat transfer coefficient, 
on the other hand, is less obvious. It is well known that a 
heat transfer coefficient for a given solution is not a singu-
lar value. It is a value that depends on changeable proper-
ties of that solution: temperature, concentration, flow rate, 
etc. To our knowledge, only one study has been conduct-
ed to quantify the heat transfer coefficient of black liquor, 
and it concluded that, for black liquor, the heat transfer 
coefficient is a strong function of viscosity [16]. 

Many studies have also been conducted to quantify the 
viscosity of black liquor. These studies concluded that the 
viscosity of black liquor above 90°C remains constant 
until it is concentrated up to 50% TDS [15]. Because all 
the evaporators we modeled fall within this operating 
regime, we are satisfied assuming a constant viscosity 
and constant heat transfer coefficient in the absence of 

complete data. See the Results and Discussion section of 
this paper for analysis of the implications of a loss in heat 
transfer coefficient and compensation by an increase in 
steam pressure.
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