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Water Modification
1 Why would I want to modify my water?
The answer is there are several good reasons to modify your water.  

1. Stability - With wells in general and city water to an extent there exists no exact consistency for the mineral make-up of you water supply.  Even when using a city water supply to a certain extent there are accepted tolerance ranges for the chemical and mineral make-up of the water.  If starting with Reverse Osmosis water or distilled water you can make you water to an exact measure of chemical and mineral make up that can be duplicated and repeated.  This is also is a way to consistent brewing, as people and breweries relocate.  Relocating to a new brewery or residence even 10 miles away can move you to a different water supply or water treatment facility.  This can dramatically change the flavor of your beers and cause an elusive mystery as to why your beer has changed.
2. BJCP Style Adaptation - The BJCP Styles guidelines give a specific water profile for many of the styles.  Therefore the style can not be perfectly captured unless your water happens to contain the perfect make-up for that particular style.  If with that being the case then your water would fall outside for other styles that differ from the style.  Many of the BJCP styles listed directly call out a general level of sulfates and/or carbonate levels.  These can often provide the little edge that conforms helps a beer develop the subtle nuances that produce award winning beers.
3. Flavor - Beer is anywhere between 80 and 97 percent water.  This obviously constitutes the major make up of a beer.  So guess what? If you water tastes like "crap", so will your beer.  If you water smells like sulfur, so well your beer.  You see where I am going with this.  Your beer to a certain extent is your water.  This is taken even further by the fact that different mineral quantities interact with the other 3 ingredients (malt, hops, and yeast) in different ways.  For example, the Sulfate ion also combines with Ca and Mg to contribute to permanent hardness. It accentuates hop bitterness, making the bitterness seem drier, and crisper.  This can be used to accentuate the hoppy presence in Pale ales, IPA, and other hoppy beers.
4. Beer Cloning - There are many famous water profiles that are from the water supplies used by particular breweries.  Probably the most famous of these is "Burton on Trent"; Burton-on-Trent is the water profile for the water for breweries from a large town that straddles the River Trent in the east of Staffordshire, England.  The water profile for Burton-on-Trent, the calcium and sulfate are remarkably high, but the hardness and alkalinity are very low. The high level of sulfate and low level of sodium produce assertive, clean hop bitterness. Compared to the ales of London, Burton ales are paler, but much bitterer, although the bitterness is balanced by the higher alcohol and body of these ales.
5. Water Purity - As world populations become larger and water source become sparser, primary water sources are quickly changing.  Up until recent times the use of underground water has been the common source of water supply for most of the population.  These underground water reservoirs were created through the seeping of water through ground soil and other ground mediums into underground pools, these mechanism act as a filter cleaning the water as it drains.  The populations are quickly using up the underground water reservoirs.  This is causing a shift to the use of above ground water sources for water supplies which includes large bodies of water such as lakes and rivers.   While this water is treated to kill any dangerous bacteria's within the water and bulk filtered to remove large particles.  It still contains many impurities that your beer would benefit from their removal.
2 "The Science"
2.1 
Ions in Brewing
Ions are electrically charged groups of atoms.  Positively charged ions are called Cations, and negatively charged ions are called anions.

2.1.1 Important Cations

Calcium (Ca+2)

· Contributes to permanent water hardness.

· Interacts with malt phosphates which lower pH during mashing and boiling.

· Helps Yeast flocculation and beer clarification.

· Also aids protein coagulation during hot and cold breaks.

Magnesium (Mg+2)
· Contributes to permanent water hardness.

· Lower mash pH similar to Calcium, but not as effective.

· Usually sufficient amount present in malt, so seldom have to add to brewing water.

Sodium (Na+)

· Poisonous to yeast and harsh tasting when levels are too high.

· Unpleasant harshness when combined with Sulfate.

· Contributes sour salty taste at reasonable levels.
2.1.2 Important Anions

Bicarbonate (HCO3) -
· Neutralizes acids in dark malts.

· Acts as pH buffer.

Sulfate (SO4) -2
· Accentuates hop bitterness and dryness at high concentrations.
· Creates an unpleasant harshness if combined with Sodium.
Chloride (Cl) -
· Enhances sweetness at low concentrations, but at high levels it impairs yeast flocculation.
·  Increases beer stability and improves clarity.
2.2 "pH"

pH or potential hydrogen is important in brewing.  The enzymes that break down starches work best over a pH range of 5.2 - 5.5.  If the pH of the sparging water is greater then 6.0, then tannins can leak into wort causing harsh flavors.  Also a rapids drop in pH during fermentation is common, which inhibits bacterial activity.

Pure water contains mostly H2O molecules and some disassociated hydrogen H+ ions and hydroxide (OH-) ions.  pH is a measure of the relative concentrations of the two ions.  It is a logarithmic scale from 1 to 14.
pH = -log [H+]
Where [H+] = moles per liter of H+
For pure water, the ions have equal concentrations at the pH is 7.0 or neutral.  Solutions with a higher concentration of H+, have a pH below 7 and are acidic.  Solutions with a higher concentration of OH-, have a pH above 7 and are basic.

2.2.1 "Acidification"

The pH o brewing water can be reduced by adding a small amount of food grade acid.  Typically, lactic, phosphoric, or sulfuric acid are used.

As a general guide, you can add a small amount of food grade acid until the brewing water pH is around 7.  For modified pale malts that will not undergo acid or protein rests, then you should add food grade acid until the brewing water pH is 6.0

Acids can be used more precisely to lower alkalinity, which will lower mash pH.  The amount of acid in milligrams/milliliter for common acids used in brewing:

· Lactic acid: 85-90% w/w: 1,020 mg/ml

· Phosphoric acid: 85-88% w/w: 1,445 mg/ml

· Sulfuric acid: 95-98% w/w: 1,766 mg/ml

To calculate the milliliters of acid required to lower alkalinity use this formula:

(Alkalinity Reduction in CaCO3)*3.7854*Gallons of Water

Milligrams of acid per milliliter

2.3 "Alkalinity"

Alkalinity is the amount of alkaline ions present and is usually expressed as an equivalent amount of CaCO3.  For water pH between 7 and 9, alkalinity is basically the bicarbonate ion, expressed as an equivalent amount of CaCO3.  
2.4 "Hardness"

Historically and informally, water hardness was determined by the amount of suds produced in soap, the harder the water, the fewer the suds.  Water hardness is measured as the amount of Calcium (Ca+2) and Magnesium (Mg+2) dissolved in water and is usually expressed as an equivalent of CaCO3.

Hardness = (100/40) * (mg/l of Calcium) + (100/24)*(mg/l of Magnesium)

Temporary Hardness

Calcium reacts with bicarbonates (HCO3)-, when heated, to precipitate Calcium carbonate (CaCO3), which reduces the amount of Calcium.  The Calcium that can be removed from the water through this boiling process is called temporary hardness.

Permanent Hardness

Permanent Hardness is the water hardness that remains after boiling.  When alkalinity exceeds hardness, then the water hardness is mostly temporary.  Conversely, if the hardness exceeds the alkalinity, the difference indicates permanent sulfate hardness.
3 How do I go about modifying my brewing water?

There are several ways to go about modify your water each with its upside and downside, we will review a few of the options here.  There are 3 choices when it comes to starting to modify your brewing water.

1. Modify your city/well water.

2. Purchase RO/Distilled water

3. Make RO or Distilled water
3.1 Modifying existing city/well water

The advantage to modifying your existing city/well water is the convenience and cost of it.  The water flows right from your taps and comes at a reasonable price.  If you have graduated kettles, you can tap directly into your kettle (or what ever vessel you are using ex/ mash tun, hot liquor tank, etc…) and modify the water from there.  
The downside to this is that city well water already contains certain levels of mineral and chemical content.  If these levels are higher then desired for any given element you are basically stuck at a higher level then desired for that particular mineral.

The third obstacle is the water already contains certain mineral and chemical elements this means you must test the water sample before modification to determine the delta (change) of the actual element levels and the desired then calculate to increase your water by this delta. 
You can dilute your local tap water with distilled water if some ion counts are too high for your target water profile.  Similarly you can use additives to increase the level of key ions.  Popular additives include table salt (NaCl), Gypsum (CaSO4), Calcium Chloride (CaCl), Epsom Salts (MgSO4), Baking Soda (NaHCO3), and Chalk (CaCO3).

Overall this is a poor method for water modification.  This is due to not being easily able to reduce over abundant mineral or to a certain extent chemical makeup and due the required water testing before modification and delta calculations.  Cost vs. Value is better on other models.
3.2 Purchase RO/Distilled Water

Another option is to purchase RO or Distilled water.  

Distilled water is water that is distilled through a distillation process.  This is usually a triple vacuum distillation apparatus.  While distilled water is still not just water (containing only H2O molecules), it contains only very small trace amounts of any given chemical or mineral.  So for calculating additions effectively the amount of any existing mineral or chemical is zero.  So for example, to calculate addition of Calcium to bring the Calcium of the water up to 200ppm, the water existing level would be considered “0” for the calculating the amount to add.  Distillation will remove any chemical or mineral content that contains a higher boiling point then water.
RO is the most convenient and effective method (next to distillation) of water filtration. It filters water by squeezing water through a semi-permeable membrane.  This is the technology used to make bottled water; it is also the only technology capable of desalinating sea water, making it into drinking water.  Reverse osmosis will generally remove any molecular compounds smaller in size than water molecules. Such compounds include salt, manganese, iron, fluoride, lead, and calcium.  RO water in this sense is equivalent to distilled water as it will contain only trace elements of the minerals and chemicals we are concerned about.  So effectively all the mineral and chemicals levels should be considered ‘0’ for the addition calculations.
The downside of this paradigm is that you have to go purchase water every time to brew.  While the water is not that expensive (in comparison to the cost from tap).  It is still something that has to be planned for ahead of time, and there is the inevitable loading/unloading of water to your brew space.  This does not sound like that big a pain if you are brewing small batches, however, if you are brewing 20 gallons of beer and require 25 gallons of water, it then starts to become quite painful.
3.3 Make RO or Distilled water

This is pretty much the same as purchasing distilled/RO water with the added convenience of production of the water at home, which as describe above can be a big convenience when brewing is done on a larger scale.
I would not recommend attempting to distill water at home, this requires an understanding of fluid dynamics as well thermodynamics which without can be dangerous.  Not to mention distillation apparatus is hard to find and can raise an eyebrow due to their use in the production of distilled alcohol (Moonshine), which is illegal in the united states unless you obtain a license to due so.

On the other hand, RO systems are easily obtainable in the US market place.  Almost all home improvement stores carry them (Home Depot, Lowe’s, Menards, ect).  They can be obtained at a fairly reasonable price tag.  You can obtain a decent RO system for anywhere from $100 - $200, with the added benefit of having equivalent to bottled water on tap at your home. 

The only maintenance required for these units is new filter membranes every 1 to 2 years depending on the amount of usage of the system.

A good place to purchase RO units at a reasonable price is the “The Filter Guys” online at http://www.thefilterguys.biz/ro_di_systems.htm.  They have excellent customer service as well as solid products.
3.4 What do I use to modify my water for brewing?

The following is a list of the agents that can be used to modify you brewing water.

· Gypsum – Is Used to add permanent hardness (Calcium ions) to brewing water. 1 gram in 1 gallon changes the salt levels by 61.5 ppm calcium, 147.5 ppm sulfate and adds 153.5 ppm to the hardness.

· Epsom Salt – Is used to add sulfate and magnesium ions to brewing water. It is often used at half the levels of Gypsum. 1 gram in 1 gallon changes the salt levels by 103 ppm sulfate, 26 ppm Magnesium and adds 108 ppm to the hardness.
· Calcium Carbonate – Is Chalk. Sometimes used for temporary hardness in dark beers. Adjusts pH up.
· Calcium Chloride – Is used in place of Gypsum when sulfates are not desired. Adjusts mash pH down. 1 gram in 1 gallon changes the salt levels by 72 ppm calcium, 127.5 ppm chloride and adds 180 ppm to the hardness.
· Lactic Acid – Is Used to adjust pH of sparge water down.
· Phosphoric Acid - Phosphoric acid is said to be tasteless while lactic in large quantities can potentially leave flavor. Being a lower concentration than the Lactic, it is slower to change the pH of your water and therefore more forgiving to use.
3.5 What do these things do for me?

Different styles of beer require different water profiles.  Often a particular beer is associated with the water profile of the city in which the beer originated.  For a listing of water profiles for popular brewing cities of the world, See the section on prominent water profiles to find a table of the more popular profiles.  If you have a target profile in mind, you can adjust your water to match that profile.
Calcium (Ca+2)
Atomic Weight = 40.0 
Equivalent Weight = 20.0 
Brewing Range = 50-150 ppm. 
Calcium is the principal ion that determines water permanent hardness and has a +2 charge. As it is in our own bodies, calcium is instrumental to many yeast, enzyme, and protein reactions, both in the mash and in the boil. It promotes clarity, flavor, and stability in the finished beer. Calcium additions may be necessary to assure sufficient enzyme activity for some mashes in water that is low in calcium. Calcium that is matched by bicarbonates in water is referred to as "temporary hardness". Temporary hardness can be removed by boiling (see Bicarbonate). Calcium that is left behind after the temporary hardness has been removed is called "permanent hardness".
Calcium plays multiple roles in the brewing process including lowering the Ph during mashing, aiding in precipitation of proteins during the boil, enhancing beer stability and also acting as an important yeast nutrient.  Calcium levels in the 100 mg/l range are highly desirable, and additives should be considered if your water profile has calcium levels below 50 mg/l.  The range 50mg/l to 150 mg/l is preferred for brewing.

Magnesium (Mg+2) 
Atomic Weight = 24.3 
Equivalent Weight = 12.1 
Brewing Range = 10-30 ppm. 
This ion behaves very similarly to Calcium in water, but is less efficacious. It also contributes to water hardness. Magnesium is an important yeast nutrient in small amounts (10 -20 ppm), but amounts greater than 50 ppm tend to give a sour-bitter taste to the beer. Levels higher than 125 ppm have a laxative and diuretic affect.

You can get a profile of your local water supply from your city or water company.  Also, often the local brewing club has already collected local water profiles for you to examine.  In the water report, look for the 6 critical items listed above.  Also, be aware that many local water suppliers will frequently flush their system periodically (often in the spring) with highly chlorinated water, which can give you some very strange brewing results if you are unaware of their schedule.

Carbonate Bicarbonate (CO3  & HCO3-1) 
Molecular Weight = 61.0 
Equivalent Weight = 61.0 
Brewing Range = 0-50 ppm for pale, base-malt only beers. 
50-150 ppm for amber colored, toasted malt beers, 150-250 ppm for dark, roasted malt beers.   

The carbonate family of ions are the big players in determining brewing water chemistry. Carbonate (CO3-2), is an alkaline ion, raising the pH, and neutralizing dark malt acidity. Its cousin, bicarbonate (HCO3-1), has half the buffering capability but actually dominates the chemistry of most brewing water supplies because it is the principal form for carbonates in water with a pH less than 8.4. Carbonate itself typically exists as less than 1% of the total carbonate/bicarbonate/carbonic acid species until the pH exceeds 8.4. There are two methods the home brewer can use to bring the bicarbonate level down to the nominal 50 - 150 ppm range for most pale ales, or even lower for light lagers such as Pilsner. These methods are boiling, and dilution.

Carbonate can be precipitated (ppt) out as Calcium Carbonate (CaCO3) by aeration and boiling according to the following reaction:

2HCO3-1 + Ca+2 + O2 gas --> CaCO3 (ppt) + H2O + CO2 gas

Where oxygen from aeration acts as a catalyst and the heat of boiling prevents the carbon dioxide from dissolving back into the water to create carbonic acid. 

Dilution is the easiest method of producing low carbonate water. Use distilled water from the grocery store (often referred to as Purified Water for use in steam irons) in a 1:1 ratio, and you will effectively cut your bicarbonate levels in half, although there will be a minor difference due to buffering reactions. Bottom Line: if you want to make soft water from hard water (e.g. to brew a Pilsner), dilution with distilled water is the best route.

Carbonate is considered the most important ion for all grain brewing.  Carbonate (or bicarbonate), expressed as “total alkalinity” on many water reports, is the ion that determines the acidity of the mash.  It also is the primary determinant in the level of “temporary hardness” of the water.  If carbonate levels are too low, the mash will be too acidic, especially when using darker malts (which have higher acidity).  If carbonate is too high, mash efficiency will suffer.  Recommended levels are 25-50 mg/l for pale beers and 100-300 mg/l for darker beers.    Note that bicarbonates and temporary hardness can be reduced by pre-boiling the water – the precipitate that falls out after boiling is primarily bicarbonate.

Sulfate (SO4-2)
Molecular Weight = 96.0
Equivalent Weight = 48.0
Brewing Range = 50-150 ppm for normally bitter beers, 150-350 ppm for very bitter beers.
The sulfate ion also combines with Ca and Mg to contribute to permanent hardness. It accentuates hop bitterness, making the bitterness seem drier, shaper, and more crisp. At concentrations over 400 ppm however, the resulting bitterness can become astringent and unpleasant, and at concentrations over 750 ppm, it can cause diarrhea. Sulfate is only weakly alkaline and does not contribute to the overall alkalinity of water.

It also plays a secondary role to lowering Ph of the mash, but the effect is much less than with carbonates as sulfate is only weakly alkaline.  High levels of sulfate will create an astringent profile that is not desirable.  Normal levels are 10-50 mg/l for pilsners and light beers and 30-70mg for most ales.  Levels from 100-130 mg/l are used in Vienna and Dortmunder styles to enhance bitterness, and Burton on Trent pale ales use concentrations as high as 500 mg/l.

Sodium (Na+1) 
Atomic Weight = 22.9
Equivalent Weight = 22.9
Brewing Range = 0-150 ppm.
Sodium contributes body and mouthfeel to the beer.  Sodium can occur in very high levels, particularly if you use a salt-based (i.e. ion exchange) water softener at home. In general, you should never use softened water for mashing. You probably needed the calcium it replaced and you definitely don't need the high sodium levels. At levels of 70 - 150 ppm it rounds out the beer flavors, accentuating the sweetness of the malt. But above 200 ppm the beer will start to taste salty. The combination of sodium with a high concentration of sulfate ions will generate a very harsh bitterness. Therefore keep at least one or the other as low as possible, preferably the sodium.
Chloride (Cl-1)
Atomic Weight = 35.4
Equivalent Weight = 35.4
Brewing Range = 0-250 ppm.
The chloride ion also accentuates the flavor and fullness of beer. Concentrations above 300 ppm (from heavily chlorinated water or residual bleach sanitizer) can lead to mediciney flavors due to chlorophenol compounds.

 Chloride, like sodium, also enhances the mouthfeel and complexity of the beer in low concentrations.  Chlorine is often used in city water supplies to sanitize, and can also reach high concentrations from use of bleach as a brewing sanitizer.  If you have heavily chlorinated city water you can reduce it using a carbon filter or by pre-boiling the water for 20-30 minutes before use.
Water Hardness, Alkalinity, and milliEquivalents
Hardness and Alkalinity of water are often expressed "as CaCO3". Hardness-as referring to the cation concentration, and alkalinity-as referring to the anions i.e. bicarbonate. If you’re local water analysis does not list the bicarbonate ion concentration (ppm), nor "Alkalinity as CaCO3", to give you an idea of the water's buffering power to the mash pH, then you will need to call the water department and ask to speak to one of the engineers. They will have that information.

Calcium, and to a lesser extent magnesium, combine with bicarbonate to form chalk which is only slightly soluble in neutral pH (7.0) water. The total concentration of these two ions in water is termed "hardness" and is most noticeable as carbonate scale on plumbing. Water Hardness is often listed on municipal water data sheets as "Hardness as CaCO3" and is equal to the sum of the Ca and Mg concentrations in milliequivalents per liter (mEq/l) multiplied by 50 (the Equivalent Weight of CaCO3). An Equivalent is a mole of an ion with a charge, + or -, of 1. The Equivalent Weight of Ca+2 is half of its atomic weight of 40, i.e. 20. Therefore if you divide the concentration in ppm or mg/l of Ca+2 by 20, you have the number of milliequivalents per liter of Ca+2. Adding the number of milliequivalents of Calcium and Magnesium together and multiplying by 50 gives the hardness as milliequivalents per liter of CaCO3. 

(Ca (ppm)/20 + Mg (ppm)/12.1) x 50 = Total Hardness as CaCO3
Water pH
You would think that the pH of the water is important but actually it is not. It is the pH of the mash that is important, and that number is dependent on all of the ions we have been discussing. In fact, the ion concentrations are not relevant by themselves and it is not until the water is combined with a specific grain bill that the overall pH is determined, and it is that pH which affects the activity of the mash enzymes and the propensity for the extraction of astringent tannins from the grain husks. 

Many brewers have made the mistake of trying to change the pH of their water with salts or acids to bring it to the mash pH range before adding the malts. You can do it that way if you have enough experience with a particular recipe to know what the mash pH will turn out to be; but it is like putting the cart before the horse. It is better to start the mash, check the pH with test paper and then make any additions you feel are necessary to bring the pH to the proper range. Most of the time adjustment won't be needed.

However, most people don't like to trust to luck or go through the trial and error of testing the mash pH with pH paper and adding salts to get the right pH. There is a way to estimate your mash pH before you start and this method is discussed in a section to follow, but first, let's look at how the grain bill affects the mash pH.

3.6 "The Math"

While the math for calculating additions is fairly straight forward, with the availability of the internet today, there are a predominant number of calculators available for use to provide the calculations for you.  Below you will find web site address that will perform the addition calculations.
4 Prominent Water Profiles
The following table provides water element concentrations for popular European brewing waters.  It should be noted that many of these are from popular breweries that no longer exist and the technology to measure the contents of water did not exists during the time of these breweries.  So there exist many different tables that estimate the water conditions of those breweries during there time.
	Table 4‑1:  Famous Brewing Waters

	Mineral
	Calcium
	Magnesium
	Sodium
	Sulfate
	Bicarbonate
	Chloride

	Plzen
	7
	2
	2
	5
	15
	5

	Dortmund
	225
	40
	60
	120
	180
	60

	Munich
	75
	18
	2
	10
	150
	2

	Vienna
	200
	60
	8
	125
	120
	12

	Burton
	275
	40
	25
	450
	260
	35

	Dublin
	120
	5
	12
	55
	125
	20

	Edinburgh
	120
	25
	55
	140
	225
	65

	London
	90
	5
	15
	40
	125
	20

	Plano
	67
	10
	91
	178
	109
	1
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