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LEARNING BY BREWING:
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he process of brewing fermented beverages such

as beer employs several key chemical engineering

concepts while simultaneously appealing to many stu-
dents’ interests and curiosity. At the University of California,
Berkeley, we have developed a biotechnology track within
the unit operations laboratory course (CBE154) that guides
students through brewing-related experiments before culmi-
nating in a student-designed project to produce and analyze
a fermented beverage of their choice. Our main objectives
were: (1) to provide students with the opportunity to apply
biochemical engineering concepts in an experimental lab
setting; and (2) to encourage student creativity in solving an
open-ended engineering problem.

The analysis of beer and its production has been used in
classrooms and labs as a practical interdisciplinary topic that
encompasses a wide range of concepts and tools.™ Several
analytical chemistry techniques can be used to analyze the
various components and properties of beer,”*! as well as
the chemical reactions that occur during beer production.™
Courses that focus on biology may instead study the functional
properties of yeast cells during fermentation or amylases pres-
ent in malt grains.?4" In engineering courses, the brewing
process itself may be the focus."

Student groups following the traditional CBE154 cur-
riculum at UC Berkeley complete a total of six laboratory
experiments (over the course of a semester) that probe vari-
ous chemical engineering topics. Each experiment is allotted
four lab sessions (two weeks) of four hours each. In contrast,
student groups on the biotechnology track complete only
two of the traditional experiments (on mass transfer and
the distillation of ethanol-water mixtures), substituting the
traditional heat transfer and kinetics modules for Immersion
Heat Exchanger (IHX) and Yeast Fermentation Kinetics
(FERM) experiments, respectively. IHX and FERM introduce
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students to some of the key processes and theoretical concepts
of brewing before they plan and execute their self-designed
brewing projects (PROJ). We made every effort possible to
ensure that the brewing track was as rigorous and broad as
that completed by the other students, but with a focus on the
concepts relevant to the biotechnology industry.

Heat exchangers are a ubiquitous unit operation in chemi-
cal processes, and the beer-brewing process is no exception.
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For a thorough overview of brewery usage of engineering
technology and heat-transfer operations, see Chapter 10 in
Handbook of Brewing . In the beginning stages of beer
production at the homebrew scale, malt extract and hops
are mixed with water and boiled to produce the hot wort.
During this time, flavors and sugar are extracted into the
solution that later becomes the beer. After this process, the
wort must be cooled from nearly 100 °C to less than 25 °C
prior to adding the yeast (known as pitching) and initiating
fermentation. Wort chilling must take place rapidly to avoid
contamination by competing microorganisms, such as wild
yeast or bacteria, which could spoil the beer.6"!

At the homebrewing scale, immersion heat exchangers
are commonplace due to their affordability and simple
operation. During the IHX lab, students use brewing equip-
ment (heating kettle, coiled immersion heat exchanger,
etc.) to cool boiling water, characterize the heat transport
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properties of the heat exchangers, and develop a model
to predict cooling time. They also assess the economics
and water usage of the process to inform their choice of
operating conditions on brew day.

The FERM lab asks students to consider the applications
of yeast growth and fermentation to beer production, with
similar principles governing many industrial biotechnology
processes related to the production of medicines, biofuels, and
beverages. Students investigate the conversion of dextrose to
ethanol by brewing yeast—Saccharomyces cerevisiae—un-
dergoing anaerobic fermentation.®!

In the absence of oxygen, yeast perform anaerobic metabo-
lism of glucose to produce CO, and ethanol:

cells+C.H,,0, — CO, +C,H,OH+more cells (1)
The simplified reaction above does not count the other by-
products produced by cells undergoing anaerobic metabolism.
S. cerevisiae also performs anaerobic fermentation in the pres-
ence of oxygen if the substrate concentration is high enough,
typically above 0.4 wt % .'% This is called the Crabtree effect.
Under conditions relevant to beer brewing, the Crabtree effect
guarantees that substrate consumption produces the desired
product, ethanol. Upon completion of the FERM experiment,
students determine the stoichiometric and kinetic parameters
for the strain of S. cerevisiae provided in the lab, and develop
a mathematical model to predict substrate, product, and cell
concentrations during anaerobic fermentation.

The fermentation project has been offered to four three-
membered student teams every semester for the past two
years. Students use the techniques and knowledge gained
during IHX and FERM experiments to design and execute
their final project: the production and analysis of a 2.5-gal-
lon batch of a fermented beverage of each group’s choosing.
Students must determine what processing steps to undertake,
which measurements to make, what information is needed
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Figure 1. Schematic of the experimental apparatus for the IHX
experiment. K-type thermocouples connected to the tempera-
ture scanner are omitted for simplicity.

from literature, and if any additional experiments are required.
In addition to the heat transfer and kinetics topics covered in
IHX and FERM, students must also: consider the extraction
processes and chemical reactions at each phase of beer pro-
duction; determine how these processes affect the final taste,
smell, and color of their product; and quantify their success
at achieving their desired product by using various analyti-
cal techniques. Students also evaluate their process from an
economic and environmental standpoint. On the final day of
lecture, the rest of the class and the chemical engineering fac-
ulty are invited to taste and rate the beverages from all teams.

Students who complete the fermentation project are exposed
to a variety of techniques and theories that are relevant to
careers in biotechnology and brewing industries, including
cell culture, fermentation kinetics, reactor scale-up, systems
design, and more. By incorporating environmental and eco-
nomic concerns as well, students gain an appreciation for
the additional complexities that must be considered when
designing and producing a consumer good.

APPARATUS AND METHODS
Immersion heat exchanger (IHX)

The immersion heat exchanger consists of metal tubing
wound into a number of coils and immersed into a tank of
liquid. Here, we consider a system where an immersion heat
exchanger cools the hot working fluid (water) in the kettle
(Figure 1). Students vary the cooling water flow rate and
the heat exchanger surface area, and analyze the resulting
temperature versus time data for the hot working fluid and
the cooling water outlet.

Chemical Engineering Education
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permanently attached at the cooling water
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absorbance at 600 nm and to dry cell
weight (part A). Next, students perform

Figure 2. Schematic of the five final solutions required for the FERM experi-
ment. Excess YPD broths are provided for initial hydrometer measurements
(discussed below). The labels above each container indicate the type of glass-
ware used while those below indicate the final solution volume along with the

concentration of all solutes.

Water partially fills a kettle (Blichmann BoilerMaker G2)
resting on a stir plate IKA C-MAG HS 10). An electronic
immersion heating element (Blichmann BoilCoil) inside the
kettle first boils the water, and is then turned off during cool-
ing. A stir bar with variable speed control establishes a circu-
lating flow pattern to improve fluid mixing within the kettle.

Three custom kettle lids are used during the experiment.
The lid employed during heating has only one opening for
temperature-probe insertion. The two lids utilized during
cooling each have an immersion heat exchanger of different
size fastened to the lid. The immersion heat exchangers are
fashioned from copper tubing with 0.315” ID and 0.375” OD
coiled into either six or nine loops of 7 ID. Thus, each heat
exchanger has a different surface area. The cooling water
inlet and outlet for the heat exchangers are fitted with quick-
release connections enabling straightforward swapping of
heat exchangers with the water line.

Ahigh-pressure industrial cold-water line provides cooling-
water supply for the immersion heat exchangers. As shown in
Figure 1, Tygon tubing connects the water supply to a control
valve and rotameter (Blue-White F-400N) for flow measure-
ment and control. Downstream of the rotameter, Tygon tubing
and quick-disconnect couplings join the tubing to the heat
exchanger inlet and outlet. Tygon tubing directs the cooling
water exiting the heat exchanger to the sink for drainage or,
potentially, collection.

The thermocouples (K-type) required for temperature mea-
surement and subsequent data analysis are not shown in Figure

Vol. 51, No. 4, Fall 2017

three batch fermentations on a 500 mL
scale to determine conversion and prod-
uct yield for the fermentation reaction
under varying initial substrate and yeast
concentrations (part B). Finally, students
run a 2-L reactor equipped with a mass
flow meter to monitor the CO, production
rate continuously during fermentation (part C). The experi-
mental setup consists of a flow setup to measure the flow rate
of evolved CO, along with a bench of analytical equipment
and accompanying labware.

Students require a concentrated yeast starter solution for
their calibrations and batch fermentations, as well as yeast-
free cell-culture solutions —comprised of water, yeast extract
(Y), peptone (P), and dextrose (D)—for their batch fermenta-
tions. Figure 2 details the required solution compositions and
volumes. All YPD solutions and glassware must be sterilized
in an autoclave to avoid contamination. The dextrose must
be autoclaved separately from the yeast extract and peptone
when formulating the YPD broth, or else the broth discolors.
These broths are mixed the day they are needed in order to
minimize the chance of contamination. The starter culture
broth is inoculated with yeast (freeze-dried Nottingham Ale
Yeast from Lallemand) roughly 24 hours before the first day
of the lab.

Students pitch the YPD broths with the appropriate amount
of yeast cells by adding the appropriate volume of the starter
culture. The initial amount of yeast influences the fermenta-
tion rate and the degree of competition amongst yeast cells
for resources required for cell growth. This initial cell count
thus governs the available reaction pathways and, ultimately,
the products produced. When brewing beer, for instance,
pitching too few yeast cells can lead to acetaldehyde forma-
tion, imparting an undesired green apple taste.!! The initial
yeast concentration therefore plays a critical role in the final
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taste of a fermented beverage.
A brewer’s rule of thumb is to
pitch ~106 yeast cells per mL
solution per 0.004 specific grav-
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measured using a hydrometer,
discussed below. Students use
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amount of yeast to pitch; for the
500 IL flask in which they double
the initial yeast concentration
(part B, flask #2; Figure 2), they
use double the recommended
amount.

An iodine-based sanitization
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of a vessel, as well as any other
equipment that comes into con-
tact with the yeast cultures or
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Figure 3. Schematic of the fermentor setup for measurement and logging of evolved-gas

Microscope and hemocytometer

A light microscope (Fisher
Scientific) and hemocytometer
(Hausser Bright-Line 3110) enable quantification of the
number of cells in a cell culture solution. The measurement
technique requires only 10-15 puL of aqueous cell suspension.
The hemocytometer is a thick glass slide containing two
chambers, each with a laser-etched grid of lines for counting
cells. The microscope stage illuminates the grid from below
for visualization and quantification of the number of cells
within each square. A cover slip sits exactly 0.100 mm above
the chamber, creating a defined volume within the chamber
when it is filled with fluid.!"?

Spectrophotometer

Relative to the hemocytometer, the spectrophotometer
(Thermo Scientific Genesys 20) offers a faster, simpler meth-
od for quantifying cell concentration by optical density (OD).
However, OD must be calibrated with cell count (discussed
above) or dry cell weight (discussed in Data Analysis sec-
tion). Samples for spectrophotometer analysis (~ 1 mL) rest
in small plastic cuvettes placed in the sample holder, and are
analyzed at 600 nm.!"3)

Hydrometer

Hydrometers are weighted, hollow, glass cylinders designed
to sink to varying depths in aqueous solution, thus leaving
a scale exposed indicating the depth of submersion. As the
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flow rate (part C of FERM experiment).

solution density increases, the buoyant force per submersion
depth of the hydrometer increases and more of the hydrom-
eter will remain exposed. We calibrated the hydrometer to
report specific gravity (SG) of aqueous sugar solutions; a
calibration curve relating SG to the glucose concentration in
solution is provided to students. SG measurements with the
hydrometer require ~80 mL of sample in a 100 mL graduated
cylinder, and enable determination of initial and final reactant
concentrations. The hydrometer is calibrated for a particular
fluid temperature, so sample temperature must be recorded
for subsequent correction.*!

Gas chromatograph

The compositions of ethanol-water liquid mixtures are
determined using a gas chromatograph (GC; SRI 310 TCD,
Porapak N column) fitted with a pre-column containing glass
wool to adsorb any solutes, such as sugars or proteins, within
the fermentation broth, and protect the chromatography col-
umn from fouling. Using a micro-syringe, students inject a 1
uL sample through a rubber septum into a flash vaporizer port.
The vaporized sample enters the column oven at a temperature
of 141 °C. PEAK software outputs a TCD chromatogram
containing two peaks that correspond to ethanol and water.
Using a calibration curve provided to them, students convert
the relative peak areas into mole fractions.

Chemical Engineering Education



Flow setup

The fermentor, a 2-L glass vessel, contains the cell culture
and rests on a stir plate to ensure consistent mixing during
fermentation (Figure 3). The fermentor exit is partially sealed
with a rubber stopper, forcing gas to exit through a stainless-
steel tube and into a mass flow meter before exiting into
the room. A desiccant column precedes the flow meter and
removes moisture from the gas to protect the flow meter. The
mass flow meter (Omega Engineering FMA-A2305) outputs
a 0-5V DC signal proportional to the measured flow rate,
and an analog-to-digital (A/D) converter (DATAQ DI-145)
transforms the voltage into a digital signal logged continu-
ously by the computer software (WinDaq) until fermentation
is complete. A calibration curve relating the volumetric flow
rate of CO, to the output voltage is provided to students.

Final brewing project (PROJ)

Students are free to choose any fermented beverage pro-
ducible within the project budget ($50 per group; paid by
the department), equipment, and time constraints (one ~4-5
hour lab period for brewing and ~2 weeks for fermentation).
Suitable beer recipes yielding 2.5 gallons of product can be
provided to readers upon request.

Briefly, the process generally involves steeping a small
amount (~8 o0z.) of crushed malt and/or other grains in water
at 65 °C to extract flavors into the wort. Next, the grains are
removed and the mixture is heated to 100 °C before adding
the liquid malt extract, providing the bulk of the sugar source
for the yeast, and the hops, which add flavor. Proper timing of
hops addition is important to extract the desired flavors. After
boiling the mixture (typically 1 hour), the IHX setup is used
to cool the wort to room temperature before transferring it to
a 3-gallon carboy for inoculation with yeast. Fermentation
lasts up to two weeks. Once complete, students carbonate
their beverage, if appropriate, by transferring their product
to a keg and exposing the beer to high-pressure CO, under
refrigeration for 24 hours (details provided upon request). An
iodine-based sanitization solution (IoStar) is used to sanitize
all equipment coming into contact with the product.

Unlike industrial all-grain brewing, we use malt extract
to simplify and shorten the brewing process. However, this
eliminates some industrially relevant steps, as well as op-
portunities to study enzymatic degradation of malt starches.
If other courses have more time, they could employ all-grain
brewing to introduce more chemical engineering ideas such
as surface-kinetic mechanisms of cellulases.

Technical assessment of beverage production requires a
number of measurements before, during, and after process-
ing. Students choose which measurements are both useful and
feasible. The analysis of heat transfer phenomena during wort
cooling (IHX) and the quantification of sugar, yeast, alcohol,
and CO, performed in the FERM experiment provide a con-
venient starting point. The calibration curve relating specific
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gravity, SG, to sugar concentration, ¢_[g/mL], is different
for malt-based media than it is for YPD media. Brown"!
determined that the specific gravity of aqueous malt solutions
obeys the following relationship:

K[)Cs

SG=1+—2=— 2
1-S.c ( )

17s

where the so-called solution factor, K, and its constant, S ,
are properties of the particular solute and solvent, but remain
independent of composition. Using dry malt extract (DME),
we determined that K =0.3815 mL/gand S, =0.1327 mL/g.
Several additional analytical techniques not explored during
FERM or IHX are possible to quantitatively assess the taste
and appearance of the final product,'*'”! and students are
encouraged to be creative.

SAFETY

A graduate student teaching assistant is present in the labs
at all times. In addition to the traditional personal protective
equipment used by all students in the lab, the following safety
precautions should also be considered.

Immersion heat exchanger (IHX)

Be aware of hot surfaces and safely handle all hot equip-
ment with insulated gloves. Students should be vigilant to
prevent splashing and contain all spills or leaks quickly to
prevent contacting electrical equipment with water. Power
down equipment immediately if it becomes covered in water.

Yeast fermentation kinetics (FERM)

Household bleach diluted in water (10-20% by volume) is
used to deactivate all yeast solutions prior to sink disposal.
Students should avoid skin or eye contact with either the
bleach solutions or the IoStar sanitizer. A flammable 70%
ethanol solution is used to sanitize lab surfaces. Yeast fermen-
tation produces significant amounts of gaseous CO, capable of
pressurizing and exploding the fermentation vessel if venting
is not enabled.

Final brewing project

In addition to the safety concerns for FERM and IHX, in-
structors must also consider the safety of the product analysis
techniques students choose to use. Students must properly
sanitize all lab equipment and materials via heat treatment,
spraying surfaces with a 70% ethanol solution, or sanitizing
with an iodine solution (IoStar) in order to prevent contamina-
tion during fermentation. Additional practices to ensure the
safe production of a consumable are given by the Brewer’s
Association’s Good Manufacturing Practices (GMPs).?!
Generally, the low pH, along with the ethanol and hop acids
present in the wort, prevent the growth of dangerous microbes;
instead, contamination typically leads to off-flavors that are
harmless, albeit unwanted.'?? The kegging process involves
pressurized CO,; thus, users must ensure that CO, canisters,
kegs, and lines are properly rated and secured.
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DATA ANALYSIS
Immersion heat exchanger (IHX)

The specific objectives of this experiment
are to:

i. Measure the temperature-time history for
cooling three gallons of water at various
cooling-water flow rates with one immer-
sion heat exchanger.

QCJ TCe{t] 'QC’ TCJ'

. cooling water,
Vi Tult) fH 8

hot water, T,(t)

— Tdst), Qc

ii. Construct a mathematical model to
predict the wort and cooling-water exit
temperatures as a function of time.

iii.

Utilize a minimization scheme to fit ex-
perimental data (i) to the model (ii), with
the overall heat-transfer coefficient, U,

|

[ tube wall

as the fitting parameter.

iv. Predict the wort-cooling behavior as a
function of cooling-water flow rate and heat exchanger
area to identify which operating conditions would cool
the wort to 24 °C fastest.

Kern™! presents an analytical solution for the case consid-
ered in Figure 4. A transient energy balance on the hot water
(assuming adiabatic walls, constant V ,, and perfect mixing
in the tank) yields an ODE for T (t)

dT
pHVHCPH d_tH:_UvoATLM (3)
with initial condition
TH (0) = THO (4)

where p, and C,, are the mass density [kg/m’] and specific
heat capacity [J/kg/K], respectively, of the hot water (assumed
to be constant), U_ is the overall heat-transfer coefficient [W/
m?/K] based on the outer surface, A =D Lis the outer sur-
face area [m?] of the immersion heat exchanger in contact with
the water, D_ is the outer diameter [m] of the tube, and L is
the total length of the tube. T, is the initial water temperature
in the tank and AT, , is the log-mean temperature difference
between the cooling water and the hot water:

— (TH _TCi)_(TH _TCe)
o lnL(TH _TCi)/(TH -T. )J

Eqgs. (3)-(5) describe the time-dependent heat-loss rate from
the hot water to the cooling water through the immersion
chiller. Energy balance requires that the heat lost by the hot
water in Eq. (3) be absorbed by the cooling water:

U,A AT, =p.Q.C,. (TCe _TCi) (6)

(5)

where p_ and C,. are the mass density [kg/m’] and specific
heat capacity [J/kg/K] of the cooling water, respectively. Re-
arrangement of Eq. (6) results in an equation for T , which
can be substituted into Eq. (3) to yield a separable, first-order
ODE for T, (t), whose analytical solution is:
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Figure 4. Schematic diagram of an immersion heat-
exchanger cooling down a tank of hot water. The tank
contains volume V,, of hot water at transient temperature
T, (t) while cooling water at flow rate Q. enters the chiller
at constant temperature T, and exits at transient tem-
perature T, (t) > T . The panel to the right shows a local
cross-sectional view across the tube. The local tempera-
ture driving force T,-T [s,t), the inner and outer heat-
transfer coefficients, h, and h,, respectively, and the tube
wall thickness and conductivity, t and k_, respectively,
set the local heat-transfer rate between the two fluids.

T, =T, +(TH0 _TCi)eXp{_M[Kf(——l)t} (7)

pHVHCPH c

Here, K _is a constant used to simplify the expression. Ac-
cording to Eq. (7), the hot-water temperature decays expo-
nentially towards a steady-state temperature equal to that of
the cooling water inlet temperature, T .. We can use Eq. (7)
to solve for the cooling-water exit temperature, T , which
also approaches a steady-state limit of T, =T .. In practical
operation, heat loss or gain via other mechanisms besides the
immersion heat exchanger necessitates modification of Eq.
(3). The result is likely an ODE without an analytical solu-
tion. Typically, such modifications have not been necessary
to yield models that closely fit student cooling data; however,
they do provide opportunity to increase model complexity.

To determine the value of U required to model T, versus
time using Eq. (7), the equation is rearranged in terms of
dimensionless temperature, ©:

o3 205 (K)]
THO _TCi pHVHCPH Kc

Students use their experimentally determined temperature
values to plot In(®) versus time. Linear regression of the data

Chemical Engineering Education



and evaluation of the slope yields U_ (contained within K )
for each set of data collected at varying cooling water flow
rates (Figure 5a). Students are asked to perform a sensitivity
analysis to determine how sensitive their U_ values are to the
other values in Eq. (8), thus obtaining a rough estimate of the
uncertainty in U_.

Next, students evaluate how U_ scales with cooling water
flow rate. U_accounts for convective heat-transfer at the inside
and outside of the tube wall and for conductive heat transfer
through the tube wall:

L1

UO _hO

AO
h.A,

Ao ln(Do /Dl) + (9)
2mkL

Here, A, =aD.L is the tube inner surface area, D, is the tube
inner diameter, and k _ is the thermal conductivity of the metal
tube wall. Note that the subscript “o” in U_ indicates that it
is defined with respect to the tube outer surface area. The
right-hand side of Eq. (9) is a sum of convective and conduc-
tive thermal resistances in series. Thermal conductivities for
common metals are readily available, making calculation of
the conductive resistance straightforward. The convective
resistances, meanwhile, require heat-transfer coefficients
relevant to the specific flow conditions within the tube and in
the tank around the coils. Convective heat-transfer coefficients
are tabulated through the Nusselt number (Nu):

_hL.
k

Nu

(10)
f

where h is the heat-transfer coefficient, L, is the character-
istic flow length, and k, is the fluid thermal conductivity. Nu
correlations for flow inside tubes appear in Chapter 20 of
Welty, et al.** and Chapter 14 of Bird, et al.™ The relevant
Nu correlation describing the turbulent cooling water flow

within the immersion heat exchanger coils is:

Nu=0.023 Re** Pr’* (11)
where Re is the Reynolds number and Pr is the Prandtl number.
Since Re is proportional to the fluid velocity inside the tube,
v, it follows from Egs. (10) and (11) that h, scales with v°*.

Heat-transfer correlations for flow around immersed
heat-exchanger coils are more specialized and less readily
available, however students can determine the value of h0 by
substituting the expression for h, obtained from Egs. (10) and
(11) into Eq. (9) and rearranging to yield:

L — AOD -0.8 i AO ln(DO /Dl) (12)
U ; h 2nkL
. o.ozs(gj Pr'* KA, ° "
\'

Aplot of 1/U_ versus 1/v*® yields a line whose y-intercept
can be evaluated to determine h (Figure 5b); h should be
constant assuming the stirring speed in the kettle is constant,
and values should be lower than h, due to the slower fluid
motion and, hence, thicker thermal boundary layers on the
outside of the coils. In practice, however, h, and ho values are
comparable, an artifact of external heat losses through the
kettle sides and lid that lead to overestimates of h, .

Finally, students are asked to extend their model to predict
cooling time and cost when using heat exchangers of differ-
ent surface area or varying the cooling water flow rate. They
must also choose operating conditions that they will use later
in the semester to cool their hot wort.

Yeast fermentation kinetics (FERM)
The specific objectives of this experiment are to:

i. Develop a calibration curve to relate dry cell weight
(DCW) to measurements of cell count from the
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hemocytometer and optical density (OD) from the spec-
trophotometer.

ii. Perform fermentations on a 500 mL and 2-L scale and
quantify the amount of substrate consumed along with
biomass, ethanol, and CO, produced.

iii. Analyze the results from (ii) to determine stoichiometric
and kinetic parameters for the given strain of S. cerevi-
siae.

iv. Develop a mathematical model to predict substrate,
product, and cell concentrations during anaerobic
fermentation and compare to experimental results.

Objective (i) allows interconversion among the various
methods for quantifying biomass. Conversion from cell
number or OD to DCW is vital for characterizing the yield
coefficients utilized in the kinetic model (iv). The calibra-
tion curve is created by first performing serial dilutions from
a concentrated cell culture provided in the lab (Figure 2)
to produce samples between 5x10° to 2x107 cell/mL (~50x
dilution), a range of concentrations that yields accurate cell
counts using the hemocytometer. Students also measure the
OD of these samples at 600 nm using the spectrophotometer,
thus correlating OD with cell count.

To correlate DCW with OD, a larger number of cells is re-
quired for accurate weight measurements. Students prepare 1x
to 5x dilutions of the concentrated cell culture, then evaporate
all liquid using a vacuum oven. Once measurements of the
DCW are obtained, students can calculate what the DCW
would be over the linear range of OD obtained using the 50x
diluted samples.

To analyze their fermentations, students quantify the yield

of various products using yield coefficients that relate the
mass of products created to the mass of reactant consumed.
We define yield coefficients for ethanol, biomass, and CO,
in terms of:

mass ethanol created

P/S =
mass substrate consumed

mass cells created

(13)
S mass substrate consumed

(14)
v mass CO, created

= 15
€©¥% " mass substrate consumed ( )

where Y is the mass yield coefficient for creation of species
i divided by the consumption of species j; i or j may take on
the values of CO,, P for ethanol (product), C for cells, or S
for substrate. For ease of application to mass balance, we
present yield coefficients normalized to substrate consumed.

Due to the production of biomass, only about 95% of sugar
consumption is directed to the production of CO, and ethanol **!
Yield coefficients for S. cerevisiae are estimated or measured
by a number of other sources.””*! Using the hydrometer, the
GC, and the flow setup (see Apparatus and Methods), students
determine the sugar concentration (of both initial and final
solutions), the final ABV %, and the amount of CO, produced,
respectively, in order to calculate experimental yield coef-
ficients using Egs. (13)-(15). According to mass balance, the
sum of the yield coefficients should equal unity. At the 500
mL scale (Figure 2; part B), no CO, evolution data is obtained,
however students can either assume that CO, and ethanol are
produced in stoichiometric amounts or use the experimentally
determined stoichiometry obtained from the 2-L setup (part C).

Using their results, students evaluate how changing t